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FOREWORD

During April 12-14, 1966 a Fallout Phenomena Symposium, co-

sponsored by the Office of Civil Defense and the Defense Atomic Support

Agency, and developed by the Technical Management Office of the U.S.

Naval Radiological Defense Laboratory, was held at the Naval Postgraduate

School. During the first two days twenty-three papers were presented in

four sessions covering the main aspects of the subject field. On the

third day, four Working Groups each composed of the speakers in the

session and repr3sentatives of the sponsoring agencies under the guidance

of the session chairman, convened to cunsider the current status and

future requirements of the particle formation, cloud development and

particle circulation, transport and deposition, and radiation fields

subject areas. The conclusions of the Working Groups were summarized

in brief reports.

These proceedings are published as a record of the papers presented

and the Working Group reports, for the benefit of those who attended the

Symposium, and for other interested scientists. Because of the nature of

the material covered, some of the papers were classified. These papers

will be published in a separate classified document under the same title

(Part II). Dr. I. J. Russell's paper entitled 'Fallout Models and Their

Parametric Inputs" is not included in either of these volumes, but will

be publisbed separately at a later date.

S. Z. Mikhail
Editor



PREFACE

By agreement between the Department of the Navy and the Office of

Civil Defense, the U.S. Naval Radiological Defense Laboratory provides

technical advisory services for specific areas of the OCD research pro-

gram. In addition to recommending annual research programs, monitoring

and reviewing research progress, and evaluating research proposals, such

technical advisory services include efforts to promote the exchange and

examination of pertinent information and consequently, includes develop-

ment of appropriate scientific symposia. It is in this capacity that the

USNRDL assisted in the planning and development of the OCD/DASA Fallout

Phenomena Symposium.
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AGENDA

Tuesday, April 12, 1966

Registration 0800-0830
Introduction 0830-0900
Welcome EJ. O'Donnell, RADM, USN
Area Familiarization C.E. Menneken
Technical Arrangements P.E. Zigman
DASA Mission J.W. Cane, LCDR, USN
OCD Objectives J.C. Greene

SESSION ONE - PARTICLE FORMATION

Approx. Time: 0900-1200

Chairman

G.A. Cowan, Los Alamos Scientific Lab

Title Speaker

Cloud Chemistry of Fallout J. Norman
Formation General Atomic

Experimental Determination E.C. Freiling
of Input for the Prediction U.S. NavRadDefLob
of Fractionation Effects

Distribution of Individual R.E. Heft
Radionuclides as Functions Lawrence Radiation Lab
ol t'allout Particle Size

1. tionation of Induced W.J. Auth, Major, USAFK Products in Subsurface Events McClellan Central Lab

Simulated Fallout G.F. Rynders
Lawrence Radiation Lab

Physical and Radiochemical M.W. Nathans
Characteristics of Particles Tracerlab
From Air and Ground Bursts
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SESSION TWO - CLOUD DEVELOPMENT, PARTICLE CIRCULATION

Approx. Time: 1330-1630

Chairman

R.R. Rapp, RAND Corporation

Title Speaker

Some Analytical Methods J.W. McKee
ILading to a Determination of G.E. Tempo

the Approximate Velocity Field
of the Fireball

Early Fireball Phenomena H.L. Brodo
The RAND Corporation

Studies of Nuclear Cloud H.G. Norment
Rise and Growth Tech Ops Research

Cloud Expansion and Fallout O.S. Yu
Arrival Characteristics Stanford Research Institute

The Energy Cycle and the 1.0. Huebsch
Energy Cascade of the Atomic U.S. NavRadDefLab
Cloud
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Wednesday, April 13, 1966

SESSION THREE - TRANSPORT AND DEPOSITION

Approx. Time: 0830-1200

Chairman
L. Machta, Air Resources Lab

Title Speaker

Comparison of Nuclear M. Polan
Fallout Models Ford Instrument Co.

Transport and Output T.W. Schwenke
Processor Modules for the Tech Ops Research
DOD Fallout Prediction System

Transport and Deposition E.C. Evans, III
Anomalies U.S. NavRadDefLab

The DOD Land Fallout R.C. Tompkins
Prediction System U.S. ArmNucDefLab

Fallout Models and Their I.J. Russell
Parametric Inputs Boston College
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SESSION FOUR - RADIATION FIELDS

Approx. Time: 1330-1700

Chairman

L.V. Spencer, National Bureau of Standards
Ottawa University

Title Speaker

Predictions of Some Radiation G.R. Crocker
Properties of Unfractionatod U.S. NavRadDcfLab

and Fractionated Fallout Fields

Neutron Induced Activity J.M. Ferguson

U.S. NavRadDefl~ab

Gamma Ray Fields Above Rough R.R, Soutle
Contaminated Surface U.S. NavRadDefLab

Disintegration Rate Multi- S.L. Brown
pliers in Beta-Emitter Dose Stanford Research Institute

Calculations

Characteristics of the R.L, French
Gamma-Ray Environment Radiation Research Assoc
Produced by Fallout Fields

Intensity--Activity Relations P.D. LaRiviere, O.S-K Yu,
for Shot Small Boy and C.F. Miller

Stanford Research Institute

Radiological Model System C.F. Miller and P.D. LaRiviere

Calculations Stanford Research Institute

Thursday, April 14, 1966

Meeting of the Working Groups
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TECHNICAL ARRANGEMENTS

P. E. Zigman
U. S. Naval Radiological Defense Laboratory

San Francisco, California

On behalf of the Naval Radiological Deferse Laboratory I would like

to welcome you to this symposium dealing with nuclear fallout. NRDL's

Commanding Officer, Captain Campbell, and our Scientific Director, Dr.

Cooper, have requested that I convey their pleasure and appreciation for

your willingness to attend and participate.

In the time available to me I would like to comment on three items.

The firit is directed to the objectives of this conference and how these

can be met, The second is the planned conduct of the meeting. Finally,

our intentions regarding publication of the record.

The conference will be concerned with three obviously inter-related

aspects of fallout -- its formatVon, its transport and deposition, and

its emission of ionizing radiation. A significant fraction of the U.S.

scientists knowledgeable in these particular fields is present. You may

be interested in learning that the over 120 attendees present represent

35 organizations involved in fallout and related research.

It is earnestly hoped that all of you will contribute to the con-

ference objectives which have been described as

1. General examination of each subject area

2. Review, and through exchange of current information, definition
of the present state of knowledge in each area

3. Development of information to specify necessary and desirable
future research

The last, in one sense, is the objective. It is the desired end product

of providing to the Office of Civil Defense and the Defense Atomic Support

Agency guidance and recommendations for research which should be carried

out to satisfy their requirements.

2
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Real satisfaction of the objectives depends completely upon the

extent to which each of you contribute your experience, knowledge and

opinions. Little is accomplished in a meeting of this sort unless there

is this active interchange.

This symposium will be carried out in two distinct parts.

The first part will consist of four open sessions held today and

tomorrow. A total of 23 prepared papers will be delivered. After each,

time will be available for questions and comments.

On the fourteenth, each of the session chairmen, the individuals who

made presentations in his session and representatives of OCD and DASA

will assemble as a Working Group. For the most part their discussions

will be restricted to their session subject area -- such as particle

development or radiation fields. This will be a serious, formal attempt

to arrive at conclusions concerping the symposium objectives to define

the current status of research and knowledge and to characterize required

future efforts. Unless there are very good reasons to the contrary it is

planned to restrict the Working Group meetings to the individuals noted

above; it is felt that only through such limited attendance will there

be fruitful, directed discussions. The deliberations of the working

groups are to be summarized in brief state-of-the art reports. These

reports will be published as part of the record of the symposium.

NRDL would very much like to assemble and publish a record of the

symposium no later than June 30, 66. The record is planned to include

the presentations and, as noted, the Working Group reports. To date we

have received drafts of 10 of the 23 scheduled papers. To accomplish

publication at the desired date it will be necessary to receive the

remaining papers and the initial drafts of the Working Group reports no

later than April 19. We view this as a final cut-off date and earnestly

solicit your cooperation in this regard. If it is at all feasible, NRDL

will publish an unclassified document containing most of the material

and accompany this with a supplementary classified report.

3
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Thank you for your attention.

At this time I would like to introduce Lt. Commander Jack Cane,

DASA Project Officer for Fallout and Residual Radiation.

4
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DASA MISSION

J. W. Cane
Defense Atomic Support Agency

Washington, D.C.

Good Morning Gentlemen:

I would like to welcome you, on behalf of DASA, to this symposium.

I was personally gratified by the response to invitations. This sympo-

sium was originally intended to be an exchange of views between OCD and

DASA Contractors, but it soon became apparent that the attendance should

not be limited to them, and we are pleased at the great interest shown

in this meeting.

The DASA mission is to support the Secretary of Defense, Joint

Chiefs of Staff, Services and others as appropriate in nuclear weapons

matters. Primary staff supervision comes from JCS while DDR&E has cogni-

zance over our RDT&E programs. In addition, ATSD (AE) supervises cer-

tain of our logistics, safety and liaison activities. We are the DOD

Coordinator for research in the effects of nuclear weapons, and we re-

spond to requirements of the Services for effects information. This boils

down to the following with regard to fallout research: We sponsor re-

search activity which we in coordination with the services feel to be

necessary to enable one to adequately assess the fallout hazard as it

affects military operations and strategic plans. Our current program

is at a focus. We are completing the first version of the DOD land

fallout prediction system this year. You will hear more about this later

in the symposium. We expect this model to provide all users with the

type of information they need, but also, and Just as important for this

group, we expect tests of this model to tell us what effects are the

most significant contributors to fallout prediction, so that with these

results we can go ahead and simplify the model in '-hose areas where

tests show it is advisable, and do more research in those areas where

5



we need more complete knowledge. So, the results of future tests ox

the completed modol will determine the direction of our effort. This

is the reason for my earlier remark about our program coming to a focus.

In addition to the DOD fallout prediction system, we have in final

stages of completion prediction codes for underwater and water surface

bursts and for fast-neutron activation of soil materials. We are pro-

ceeding with publication of DASA 1215, the five-volume compilation of

fallout data from past shots. We also have a pilot program of post

facto cloud filter analysis, of which you will hear more later.

Before yielding the floor to Mr. Greene, may I leave two thoughts

with you: First, please remember we are allitting 1/2 day for each

session and discussion in order to be finished in two days; second, I am

looking forward to a most interesting symposium. In this connection

may I borrow from John Milton the following quotation to keep our ses-

sions in perspective: "Where there is much desire to learn there of

necessity will be much arguing, much writing, many opinions; for opinion

in good men is but knowledge in the making."

i
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OCD OBJECTIVES IN FALLOUT RESEARCH

J. C. Greene
Office of Civil Defense

Washington, D. C.

The objectives of the fallout studies sponsored by the Office of

Civil Defense are very broad. In one way or another, almost anything

relating to fallout has a civil defense tmplication. Because of this

breadth of interest, let me first narrow it a bit by identifying general

areas in which our interests are minimal.

OCD ha3 little interest in tactical-sized weapons. This includes

yields below perhaps 100 [CT. In a strategic attack on this country, the

weapons, unfortunatel:, seem likely to be much more powerful. The

Russians claim they have bombs of the 100-megaton variety.

We have only minor interest in deep-water, surface, or sub-surface

bursts, even of megaton size. Although such bursts might occur in sea

battles, or as a result of aiming errors or aborts, or through defensive

action, the hazard posed to the civilian population seems to be small

compared to the fallout hazard from land-surface detonations. Megaton

bursts in rivers or on lake or coastal harbors likely would produce

fallout similar to that in the land-surface burst case.

We have little interest in underground bursts. In a strategic

nuclear attack on this country, there seems to be no easy way to get a

weapon very far underground nor, for that matter, any particular benefit

from doing so.

Any of the above, i.e., small-weapon or sea or underground bursts,

may be of considerable concern to the military. A battlefield commander

would have a grave concern about how much fallout to expect from a tacti-

cal weapon and where it will go. The Navy %,i'rdd have real interest

in the fallout characteristes of an anti-submarine detonation, and the

7
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demolition expert of necessity must consider the underground event.

On the other hand, there are areas of interest to civil defense

that are of only minor concern to the military. As examples, civil

defense must consider both short- and long-term food 4nd water contamina-

tion problems, especially iodine-131 and strontium-90. The effects of

beta and gamma radiation on both wild and domestic plants and animals,

and the subsequent consequences to thv food supply and to the ecology

may be very important. The longer-range somatic and genetic effects of

heavy and low-level exposures to external- and internal-radiation sources

must be considered in developing shelter plans and exposure-control doc-

trine for civil defense emergency operations teams.

In brief, the civil defense interests as we see them can be sum-

marized under the following categories: Fallout Patterns, and the

Physical, Radiological and Chemical Properties of Fallout. I don't

mean to imply that these categories are inclusive -- or independent --

they are not.

1. Fallout Patterns. Civil defense needs to know the probable
characteristics of fallout patterns (especially the gamma
dose rates as a function of time, distance, and direction)
resulting from the detonation of high-yield nuclear weapons,
considering such factors as height of burst, weapon design,
type of soil, and meteorology. It is through use of "models"
of such fallout patterns in analyzing hypothetical attacks
that the requirements for fallout shelters are determined
in terms of quantity, quality (protection factor), and distri-
bution.

2. Radiological Properties of Fallout. Civil defense needs to
predict radiological properties of the fallout in order t9
evaluate such factors as shielding requirements, decay charac-
teristics (e.g., probable shelter stay time), decontamination
requirements, and radiological instrument characteristics.

3. Physical Properties of Fallout. The physical properties of
fallout must be taken into consideration in planning fallout
decontamination, i.e., mass and particle-size distribution of
material to be moved. The physical properties also relate to
requirements for filters in ventilation systems, the settling

S... . . . .... .. . . . . .. '' '8



rates of fallout in water-supply systems, and relocation due

to wind, rain, or traffic.

4. Chemical Properties of Fallout. The chemical property of
fallout of most concern to civil defense is its solubility.
Solubility determines such things as the dissolution of
individual radionuclides in water supplios, the biological
availability of the fallout (i.e., plant and animal uptake)
and the amount of radioactivity that would remain behind after

a contaminated street had been flushed free of fallou, parti-
cles by water hosing.

The National Civil Defense Program has as its central element,

the protection of the civil population against the effects of fallout.

It is obvious thlat the best possiblo understanding of the fallout threat

is needed if this protection is to be effective and is to be achieved

at the least possible cost.

9
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CWDUD CHEMISTRY OF FALLOUT FORMATION*

J. Norman and P. Winchell
General Atomic, Son Diego, California

ABSTRACT

The fallout model presented by C. F. Miller to account
for fractionation of fission products during fallout formation
has been reconsidered to include the glossy nature of fallout
particles from a general land surface detonation. The occur-
rence of glass formation requires the use of temperature-
variable condensed state diffusion coefficients in place of
"01go/no-go" diffusion represented by a sail fusion temperature
in order to amply describe fission product absorption.

In describing fission product absorption according to
this diffusivity-condensation model, fallout formation is
assumed to be governed by equilibria established at the gas-
surface interfaces, the rate of cooling of ~h,i cloud, and the
rate of diffusion of adsorbed fission products into the central
portions of the fallout particles. Using this model to makn
calculations appears to be quite reasonable, nnd examples of
such calculations are included. In these calculations, how-
ever, cloud effects that will cause particle ý-tirring, cloud
radiation-field chemical effects, and agglomeration are not
considered. Also, the cloud is considered to be homogeneous.

i4

In this Laboratory, measurements have beer made of some
of the gaseous fission product-molten silicate equilibria.
Measurements of some fission product diffusion coefficients
in these silicates have also been made.' These fission product.
properties are being studied for several compositions of c.401-
cate glasses in an attempt to evaluate the composition
parameter.

An electron microprobe is being used to investigate
elemental distributions in fallout particles from various
land surface detonations. These studies, while generally
confirming model hypotheses, point out the existence of
inhomogeneities and accretion phenomena that are not yet

part of any calculational system.

*Research sponsored by the Office of Civil Defense, Office ofI
the Secretary of the Army, through the Technical Management

Office, U.S. Naval Radiological Defense Laboratory.
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MODEL STUDIES

Since the observation of fractionation of fission products Inf

fallout formation, it has been realized that fission products differ

considerably from one another in their behavior at early times after a

nuclear detonation. This has been attributed to a difference in the

chemistry of the individual fission product elements. Fission products

whose precursors form particularly volatile species in an oxygen-rich

atmosphere are found in fallout generally to a degree that would seem to

indicate different primary total fission yields than fission products

whose precursors are easily condensed in the same atmosphere. Miller (2)

explained this phenomenon by relating the absorption of a fission product

to the thermodynamics of volatilization of appropriate fission product

oxides, fire ball parameters, and a "freezing temperature" of the fallout

droplets. In this model, fission product absorption is governed by

equilibrium thermodynamics down to the "freezing temperature" of the soil.

At this point, further fission product sorption is treated as adsorption.

In general, this model exhibits reasonable agreement with observed

fractionation of fission products. It also yields an estimate of the

quantity of surface-adsorbed fission products, which can be translated

into a quantity of biologically active fission products.

While Miller's "freezing point" model provides a degree of realism

not encountered in strictly physical models, its premises are somewhat

unrealistic. Specifically, the assumption of "go/no-go" condensed state

diffusion is inadequate for silicate soil fallout both above and below

any reasonable "freezing temperature." In the first place, "molten"

silicates in the region just above their "freezing temperatures" are

generally viscous liquids which have associated with them rather low

mobilities (diffusivities) of their component species. As a result,

13
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above the "freezing temperature," liquid silicate fallout particles will

not be uniformly loaded with fission products but will exhibit a consid-

erable radial concentration gradient, except for the least volatile

fission product oxides, in all but the largest particles. It is also

true of molten silicates that they tend to form glasses on cooling. A
glass, of course, is a supercooled liquid whose viscosity has become so

high that the tendency toward crystallization has become essentially

negligible. Diffusivity in a glass, as a first-order description, can

be considered an extension of diffusivity in the corresponding molten

silicate. Therefore, the system behaves as if no phase transitiod of

any kind has occurred. This means that not only is the assumption of

homogeneity above a "freezing temperature" inadequate, but the assumption

of strictly surface adsorption occurring after the "freezing temperature"

has been reached is also questionable. Indeed, the very smallest fallout

particles may absorb fission product oxides essentially homogeneously at

temperatures lower than the "freezing temperature."

The use of temperature-dependent diffusivities in place of the

"freezing temperature" is thus a natural step in describing fission

product sorption in silicate fallout particle formation. For this ex-

tension of the chemical model, sorption of fission products is deemed to

occur by a homogeneous gas phase coming to equilibrium with the surface

of all fallout particles. The adsorbed fission products then diffuse

into the assumed nonconvecting fallout particles. These processes occur

in a temperature-time field associated with the nuclear detonation.

In order to illustrate this condensation-diffusion model, a para-

metric study of the variables involved in the model was made. The

parameters investigated were weapon yield, diffusion coefficient, acti-

vation energy for diffusion, fallout particle radius, Henry's Law

constant (a ratio of partial pressure to solution concentration), enthalpy

associated with Henry's Law constant, initial fission product pressure,

and relative quantities of fission product and soil associated with the

14 V



1 4 II

cloud. Each o1 these parameters enters into the calculation at a given

temperature of the average concentration and/or diffusion profile of a

fission product in a fallout particle.

Concentration-independent diffusion in spherical particles as given
(3)by Carslaw and Jaeger is assumed to govern the penetration of the

condensed fission product into the silicate. The diffusion coefficient,

D, is related to the average concentration, C, and the surface concen-

tration, CO, by the following equation:

CoO -C 6 ( 10---e( 2nIDt/R2) ' (1)
CO 72 n 2

n=l

where R is the radius of the spherical particle and t is the diffusion

time. The diffusion coefficient and the Henry's Law constant are assumed

to follow Arrhenius and Clausius-Clapeyron temperature dependencies,

respectively. For the purpose of this investigation, the silicate is

considered nonvolatile. The thermal history of a nuclear event is

approximated in the following manner. Cooling rates are calculated at

23000, 21000, 19000, 17000, 15000, 1300, and 1lO0K from an equation
(4)given by;Freiling, Crocker, and Adams. At each temperature the calcu-

lated cooling rate is used to estimate the time required for a particle

to cool from 1000 hotter to 1000 cooler than the selected temperature.

In this treatment the particle is assumed to reside at that temperature

for this time and then discontinuously cool 200*C. That is, the cooling

process is taken as a stepped function which, while it is far from the

actual situation, appears to exhibit in a not too greatly distorted

manner most of the features of the cooling phenomenology associated with

fallout formation.

To permit consideration of the first-order effects of the system

parameters, a set of reference values for these parameters has been

chosen. Some values were selected with the aim of being realistic and

some with the aim of keeping the evaluation of system behavior simple.
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The reference conditions and the investigated first-order variations of

these values are given in Table 1. A first-order variation of one of

the reference values is studied by changing the value in question and

retaining the rest of the reference conditions.

The first parameter considered here is weapon size. While weapon

size will undoubtedly affect some of the other parameters listed, such

as the comparative amounts of fission product and soil and the initial

fission product pressure, the only effect considered in the weapon size

variation is the effect on the cooling rate of the system. The other

suggested effects will be considered separate parameters.

A relation between cooling rates for different yield events can be

easily derived by means of the following cooling rate scaling equation
(4)

presented by Freiling: m.

dT 3 x I11W0. T' (2)dt

where -dT/dt is the cooling rate (QK/sec) and W is the yield (KT). The

ratio of residence times for a given temperature range, dT, is given by

the ,atio of yields to the 0.3 power:

0.3
dt1

dta= w'2

Thus, a 100-fold inorease in yield results in a residence time increase

of a factor of approximately 4. (The effect of this change in weapon size

on the distribution of fission products in a particle is the same as a

factor of 4 increase in diffusivity or a factor of 2 decrease in particle

size. However, this effect is not particularly noteworthy.) Thus,

retarding the rite of cooling by increasing the size of the nuclear event

has only a minor effect on fission product distribution in fallout. This

effect is shown in Fig. 1, where the standard-conditions profiles are

compared with the 10-NT veriation, and is compared in Fig. 2 with larger

16
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Table 1

Parameter Description for Formation of Fallout Simulatior

PARAMETER REFERENCE
PARAMETER_ CONDITIONS VARIATIONS

WEAPON SIZE (COOLING RATE), KILOTONS 100 10,000

-7 -5 .9
DIFFUSION COEFFICIENT AT 10 10 10i
16730K, CMR/SEC

ENERGY OF ACTIVATION FOR DIFFUSION 100 50
(odRIn(D)/d(I/T)3, KCAL/MOLE

PARTICLE RADIUS, CM I 0.2 10 .3

RELATIVE QUANTITIES OF FISSION .-0.! ABSORBED 0.2 ABSORBED
PRODUCT AND SOIL* AT IIOOK *AT 21006K

O. IABSORBED
AT 1700K

HENRY'S LAW CONSTANT (WC) I I02

AT 16739K (ATM)

ENTHALPY OF THE HENRY'S LAW -80 -40
CONSTANT [-dRIn(P/C)/d(I/T)3,KCAL/MOLE

.10 *r2
INITIAL FISSION PRODUCT I 0 I 0
PARTIAL PRESSURE, ATM

" CALCULATED IN FRACTION ABSORBED TERMS UNDER REFERENCE
CONDITIONS FOR EASE OF MODEL HANDLING

17



effvcts caused by either changes in diffusivity (10-7 to 10-5 cm 2 /scC at

1673 0 K) or particle size (10-2 to 10-3 cm).

In these and subsequently introduced figures, the concentrati-,i

profiles at each of the temperuture steps are presented. The h%•h con-

centration envelope of these reported profiles may be considered the

resulting concentration profile of a cold fallout particle. Since the

volume of the outer 10% of the radius shell of a sphere is 1000 times

the volume of the inner 10, of the shell, the high surface concentrations

shown are an even more important contribution to the total activity of

the particle than is at first apparent from the figures.

The particle radius and diffusivity parameters are intimately re-

lated according to Eq. (1) and will be considered together. The effects

of decreasing the particle size or increasing the diffusivity are shown

in Fig. 2. Under the reference conditions, the earliest major effects of

diffusion limitation of absorption appear at 1900 0 K and 15000 K, respec-

tively, for particles with a radius of 10-2 and 10-3 cm. A large particle

thus gets out of equilibrium with the accompanying gas cloud at higher

temperatures than does a smaller particle. This is sufficient reason to

expect large particles to carry less than their share, on a volume basis,

of volatile fission products.

Another related effect is that of variation in the temperature

coefficient of diffusion. For different silicates in the CaO-A1 2 0 3 -SiO,

system, the authors have reported activation energies associated with
(5)

diffusion of radioantimony of 120 to 60 kcal/mole. In Fig. 3, the

effect of changing the reference activation energy from 100 to 50 kcal/

mole is shown. This effect is quite similar to that measured in the

CaO-A1 2 0 3 -SiOW2 syoitem. Figure 3 shows a very pronounced lengthening of

the temperature range where diffusion-limited absorption is apparent for

the described parametric change. Even at the highest temperature studied

(2300 0 K), diffusion limitation is important in the case of the 50 kcal/

mole activation energy; and at the lowest temperatures, penetration of

1s



the fisbiun product is still a few jticrous and Lthus the fission product

deposited at 11000 K is probably not all effectively on the leachable

surface.

The results of the parametric studies discussed thus far strongly

point out that the variation of absorption with diffusion parameters--

principally properties of the soil constituting the major portion of a

fallout particle--is quite important in describing fission product

absorption. Another factor to be considered is the effect of chemistry

between the surface of the fallout particle and the gas-phase interface.

Figure 4 illustrates the effects of changes in the partial pressure

of a fission product and in the Henry's Law constant, simplified here to

mean the partial pressure of a fission product divided by its equilibrium

surface concentration in the silicate. This figure is rather uninter-

esting, as only axis translations are involved, While the effect of a

first-order change in either parameter (shown here) suggests only a

proportional difference, the effect of second-order (parametric inter-

action) changes makes these quantities important with regard to distri-

bution of the fission product in fallout. In particular, the interaction

of this axis translating effect with changes in the relative amounts of

fission product and soil is important.

An examination of changes in the temperature coefficient of the

Henry's Law constant, illustrated in Fig. 5, is also not very revealing.

The major effect noted in changing to the lower enthalpy is the compres-

sion of the axis. This does affect the diffusion profile somewhat, as

can be seen by the envelopes of the two sets of curves, but is only likely

to be important as it interacts with the relative amounts of ±ission

product and soil. Thus, the effect of changing this temperature coeffi-

cient seems relatively uninteresting except as it changes the absorption

lvel at which depletion of the gas phase could set in.

One of the most interesting system parameters is the relative

amounts of fission product and soil, given here by the quantity of fission

19
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product absorbed at a particular temperature and set of conditions. In

Fig. 6, this effect is demonstrated for three levels of absorption.

Consider the case of a highly absorbed fission product. The Henry's

Law constant, as defined, will be quite small, which means that the

fission product will be almost totally absorbed before low enough tem-

peratures are reached for a diffusion profile to be npparent. The

concentration profile then would look like either the 21000 or 2300 0 K

profile translated to the proper surface concentrations. In Fig. 6, the

situation for a fission product which is 201o absorbed at 2100l K is also

demonstrated. This type of profile shows clearly what may be expected

for absorption of a slightly "fractionable" fission product in silicates

during fallout formation. The curves representing 1.0% absorption at

1700*K would be representative of a more volatile fission product element,

and the reference conditions curves would be representative of a very

volatile fission product element. It is thus apparent that this cloud

depletion cutoff of absorption is one of the major factors determining

how important diffusivities are in describing the distribution of a

fission product within a fallout particle and among fallout particles.

A degree of realism can be assigned to the parameters used in this

study. The weapon sizes chosen certainly can be considered typical,

Diffusion coefficients in the CaO-A1 2 03 -SiO2 system for all of the

elements studied have been between 10-0 and 10-7 Cm2 /sec at 16730K.

Activation energies for diffusion between 46 and 130 kcal/mole have been

measured. Particle radii of 10 to 100 microns would seem to be in a very

important range. An estimated Henry's Law constant around unity at 1673*K

has been a criterion used in selecting "fractionahle" fission products.

The Henry's Law constant temperature coefficient range selected en-

compasses the experimental values reported for cesium and molybdenum.

Fission product partial pressures of 1010 "tin are in line with estimates

by Miller.(2) While the low amount of Xissiun product absorbed at 11000K

used as a measure of comparative amounts of fission product and soil is

20



probably quite atypical, the amounts absorbed given in the variations

seem very reasonable values for real systems.

The parametric study thus suggests that there should be concentration

gradients of volatile fission products in fallout anu that limitation of

fission product absorption in fallout by condensed state diffusion should

be expected. Since completion of this study, an effort has been made to

submit the proposed model to a computer program. While this initially

seemed a rather formidable task, it has been reduced to a reasonable

problem. The mathematical system includes time-tomperature stepping,

Henry's Law constants, diffusion coefficients, detonation models, and a

mass balance equation relating the total amount of a nuclide in the cloud

to the amounts of this nuclide in the gas phase and in the particles of

various sizes through an analytically determinable surface concentration

of the nuclide. By stepping the temperature and decaying the nuclides,

a similar but more complicated analytical determination of an increment

to the surface concentration can be made. This stepping calculation then

is performed for the nuclide until the diffusion process essentially

ceases. This calculational system can be carried out through a nuclide

chain in order to incorporate into the model elemental transmutation

effects. In this way, it seems feasible to make calculations describing

the chemistry of fallout formation according to a condensation-diffusion

mode.

For this model experimental values of Henry's Law constants and

diffusion coefficients are necessary, Thus, a large portion of the

present studies has consisted of an experimental program to investigate

4- the absorption and diffusion of fission product elements into silicate

matrices from oxygen-rich atmospheres.
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VAPORIZATION STUDIES

For the vaporization studies, it was necessary to select a silicate

matrix as a simulant of a Lasic fallout particle matrix. The CaO-A12 03 -

SSL2 system was chosen for the following reasons. It has a liquid range

which is adequate (eutectic melts at 14500 K). The elements making up

this system are very common soil ingredients. Experimentally, this

system is easier to work with than sodium, potassium, or iron soils

because there is no problem with volatile components or variable valence

states. The working composition ranges are shown in Fig. 7.

Studies of lienry's Law constant performed at General Atomic (5) have

tinleuded measurements of vaporization thermodynamics of the elements

costum, rubidium, molybdenum, tellu rium, ruthenium, antimony, iodine,

and indium from silicate melts. These studies have bern made either by

equilibratitig samples with curtain pressures of these elements and

measuring uptrkte or by using the transpiration method. In both cases,

ussentially the same experimental apparatus (illustrated in Fig. 8) is

used. A silicate solution containing a radioactively tagged element to

bu studied is placed in the bottom of a platinum tube. While this melt

is hc~ld at high temperature, a gas is flowed between the walls of the

nmelt-containIng platinum tube and an inner Intinum tube. In the space

between the melt and the bottom of the inner tuuo, the gas picks up the

vapor of a fission product dissolved in the melt. The gas is then

sampled by passing it through a capillary in the bottom of the inner

tube. The amount of fission product transpired through the orifice can

be related to the partial pressure of the fission product in the vapor

phase. If the solution is dilute enough, this pressure and the solution

concentration of the fission product should be a weasure of the Henry's

Law constant for this element in this system.

Typical transpiration data are shown in Fig. 9. These data follow

the formula described by Morten (6) to account for diffusional flow as

well as slu6 transport of a transpired species through a capillary:
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K Vp (4)
e-V

where p is the partial pressure of the transpired species; V equals the

gas flow rate times the capillary length, A, divided by the quantity of

the species diffusion coefficient, 1, times the capillary cross-sectional

arcs, A; and K is the mass flow rate times V/DA times the gas constant,R,

times the temperature divided by the molecular weight. When V becomes

small, K approaches p; and when V becomes large, K approaches Vp. From

the type of data shown in Fig. 9, the value of p can readily be extracted.

The 3-w flow rates necessary for gas phase saturation in these transpi-

r .n studies are noteworthy. Indeed, transpiration studies of this

type yield thermodynamic equilibrium data and constitute the most accurate

type of data that the authors have achieved.

Much of the data presented here has been obtained from equilibration

studies performed in the same apparatus. In these studies, samples are

hung in the chamber above the silicate melt and allowed to come to

equilibrium with the gases above the melt. The gas composition in this

region is determined by transpiration techniques, and sample composition

is determined directly after quenching and dismantling of the system. In

this way, Henry's Law constants are derived. The major problem with this

method is that it has not been possible to quench rapidly enough to pre-

clude transfer of fission product between the melt and the samples during

cooling.

The results obtained from the transpiration and equilibration 'ýdies

are summarized in Fig. 10. Only the 55 equivalent-,o silicate point: .)r

cesium and rubidium were determined by the transpiration method. (Also,

heats of vaporization of cesium and rubidium from this melt have been

established as 79 and 81 kcal/mole, respectively, using the transpiration

method.) The other cesium and rubidium points are equilibration data

corrected to force agreement between the transpiration and equilibration

data at the 55 equivalent-% silicate points.. For both elements the equil-

ibration data showed somewhat higher loadings than the transpiration data.
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The equilibrition data for the other elements studied probably are

not as reliable as the cesium and rubidium data. The antimony and

ruthenium data may be questionable because of platinum absorption of

these metals from an oxygen atmosphere. The antimony data also are sus-

pect because of formation of a gas phase polymer (Sb 4 0.) and must be

corrected to the monomer (SbO) to apply i.n fallout situations. The

tellurium and iodine data appear to be valid; however, because of sensi-

tivity problems they must be considered less reliable than the cesium

and rubidium data. The iodine dimer, 12, also constitutes a problem.

The molybdenum data are good, but they too suffer from the presence of

gas phase polymers (Mo0O3 and Mo2ee). A correction for the effect of

polymers in these systems can be and has been made. (7)

It, general, these data show that there can be a considerable solution

nonideality correction for fission product oxides in silicates. It is I
also apparent that the correction may vary with the silicate employed.

Only ruthenium and tellurium, which would not be expected to interact

strongly with silicates, gave pressures within a factor of 100 of the

ideal solution values presented by Miller,(2)

As mentioned above, there has been some difficulty in interpreting

the cesium and rubidium vaporization data, the main problem being that

the vapor pressures of these species are foiind to be insensitive to

oxygen pressure. If these species vaporize as the elements and are

dissolved as monovalent positive ions, there should be a dependence on

oxygen pressure, namely,

CS +0 - 0 C s g) + '1 2 (g)
2 4

For this reason, mass spectrometric studies of the vaporization of Cs 2 0

and Rb2O have been made. In these studies it was found that contrary

to previous information in the literature, evaporating species included

Cs2O, Cs 3 02, and Rb2o. Thermodynamic stabilities hrve been determined

for these oxides. This discovery makes it easy to believe that the
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presence of some gaseous mixed oxide can be responsible for the lack of

dependeuce on oxygen pressure. Since the activity of cesium in the

silicate melt is quite low, it does not appear that the volatile species

are themselves the dimeric-type oxides. A cursory mass spectrometer

search for the species vaporizing from the silicate is planned.

DIFFUSION OF RADIONUCLIDES IN MOLTEN SILICATES

Since diffusion-limited transport is considered one of the important

parameters in fallout formation, part of the present studies has been

concerned with trace-level chemical diffusion of tagged fission product

elements in molten matrices which were chosen from the CaO-Al 20 3 -SiO' 2 ter-

nary. In some cases, radionuclides were purchased from Oak Ridge National

Laboratory and then were introduced into the vitreous matrices. In other

cases, carrier nuclides were incorporated in the matrices and subsequently

activated in General Atomic's TRIGA reactor. In all cases, the diffusant

was initially homogeneously distributed in the glasses at, or below, the

1% level.

Two methods were employed to investigate transport in these media.

One technique, called the plane-source technique,(a) utilizes platinum

capillaries containing a matrix which is overlayed with a small amount

of the same substance containing the radiotracer. After this couple is

annealed at a known temperature for a known period, the sample is sec-

tioned, and the resulting concentration gradient defines the diffusivity.

The alternative method, which to the authors' knowledge is unique in such

studies, is called the vaporization technique. It involves vapori-

zation of the radionuclide from a bead of glass which is both contained

by and heated by a platinum ring which is a resistance element. In this

case, the sample is pumped in a high-vacuum system with the jacket kept

cold. The isothermal rate loss of the radionuclide defines the

diffusivity.

25

.JI



Il

Both approaches have been used extensively at General Atomic, and
for five different nuclides, they yield data which agree within the

uncertainties of the techniques. The vaporization technique has added

virtue in that it provides precise energies of activation with a single

sample, and that it has greater utility and simplicity here than the

plane-source technique. An example of concentration-gradient data
obtained with the plone-source technique is shown in Fig. 11, and an

example of isothermal rate loss data obtained with the vaporization

technique is shown in Fig. 12. Results from an activation energy study

performed with the vaporization technique are plotted in Fig. 13. On a

statistical bapts, both techniques provide the same data. The two

methods are compared in Fig. 14, which is an Arrhenius plot of antimony

diffusion data in the 14500 K, eutectic CaO-A1 2 0 3-SiO2 system. The over-

all uncertainty in the diffusivity is roughly 50,, which is not a

standard deviation but includes temperature and matrix uncertainties.

Thus far, studies of the transport of nine radionuclides in the

1450 0 K CaO-AlO 3 -S1O 2 eutectic have been completed. Also, a composition-

dependence study was carried out for antimony diffusing in six different

compositions of the CaO-Al 2 0 3 -SiO2 ternary, As demonstrated by the

vaporization technique, Arrhenius's Law may be used to describe the data.

The diffusion equation may be written

loglo D = A- , (6)

where D is in cm2/sec and T is in OK. In the language of Eyring's for-

mulation, B is proportional to the energy of activation and A is propor- i
tional to the sum oi a "constant" and the entropy of activation.

The results for the nine species diffusing in the 1450*K, eutectic

matrix are summarized in Table 2. This table shows the wide range of

values obtained for A and B, the corresponding range of activation

energies being 46 to 94 kcal/mole. It is also apparent from Table 2

that a reasonable correlation exists between A and B. This correlation,
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Table 2

Activation Energies and Entropies for Diffusion in
CaO-A1 2 0 3-SiO2 Eutectic Between 12150 and 195O0*

SPECIE A B x o

C8 5.57 20.5
Rb 4.27 18.2
K 3.80 17.1
In 3,57 18.3
To 3.30 15.6

Sn 2.49 15.7
Sb 2.10 14.1
Mo 0.94 12.5
Na 0.14 10.0
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which is shown in Fig. 15, is evidently a special case of a general

correlation between A and B for diffusion in molten silicates. The

authors have compiled a set of more than 100 A, B data points for dif-

fusion of many different nuclides in many different silicate matrices.

The resulting A:B correlation is surprisingly good. This can be con-

sidered an example of the compensation law in kinetics which has been

observed in many different systems. Ruetschi has discussed this

compensation law. Its importance to fallout considerations is that if

A (or B) is known, or can be predicted, then a statistically reasonable

value of B (or A) can be obtained, and the thermal behavior of the

diffusivity is thus definable. At this point, to our knowledge, there

is no rule which affords a prediction of individual values of either

A or B. For the four alkali metals in Table 2, a good correlation is

found between A (or B) and the reciprocal ionic radius (see Fig. 16).

Indeed, the values of A and B were predicted successfully for potassium

prior to initiation of the experiments involving potassium. One would

thus expect that the reciprocal ionic radius would enter into any pre-

diction for the behavior of multiply charged species. Work in this area

is still in progress at General Atomic.

Matrix effects upon the diffusivity of radionuclides are expected

to be of major importance in the diffusion of radionuclides in molten

silicates. A preliminary study has been carried out to determine the

dependence of antimony diffusion on compositional changes within the

CaO-Al 2 0 3 -SiO3 ternary. Six matrices were prepared which had a constant

CaO:A1 203 ratio and a changing CaO:SIO2 ratio. These glasses were

homogeneously doped with radioantimony, and the transport of this nuclide

was studied using the vaporization technique. The results are shown in

Table 3.

From Table 3, the A:B correlation may be observed. Also, the very

strong dependence of both A and B on S102 content is obvious. Figure 17

illustrates the change in activation energy (E* 4.575 B) with SiOg
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Table 3

Comparison of Antimony Diffusion Data with Composition of
CaO-A1 20 3 -SiO2 Melt

iU. A 4X e NO.POINTS TEMP RANGE
(EQUR~ %) A(OK0)OOIT

34 7.39 22.3 B 1587 - 1748
45 6.90 24.5 a 1613 - 1779

50 4.72 17.5 4 1672- 1824
55 2.10 14.1 25 1215 -1866
59 4.55 19.2 4 1739- 1852
63 9.32 27.6 7 1739- 1866
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concentration. This result is not yet understood, and further studies

of this kind are being made. A similar dependence of the diffusion

coefficient on S10 2 content is also evident. Further studies in this

area should reveal how to estimate dtiffusivities for use in the proposed

model.

ELECTRON MICROPROBE STUDIES OF FALLOUT PARTICLES

Electron microprobe studios of silicate fallout particles have

yielded results which support the condensation-diffusion, model. While

fission products were not present in these particles at a high enough

concentration to be observed by electron microprobe techniques, other
(5)

elements such as iron, potassium, silica, and lead were easily found.

The distribution of these elements as demonstratod by the microprobe was

in line with what would be expected from (diffusion control of fission

produc t penetra t ion.

As part of the electron microprobe studies, a fallout particle,

which was oval in shape rather than spherical, was submitted to micro-

probe analysis. The results are illustrated in Fig. 18, Pictures (a)

and (0) are photomicrographs of the sectioned particle. On the right

end of the particle is a portion of a square raster burned into the

plastic surrounding the particle. This raster is located where focused

exciting electrons were swept over the particle (and mounting plastic),

giving rise to the characteristic X-rays which tell what quantity of an

element is present at any spot swept on the raster. Pictures (c), (d),

(e), (f), (g), and (h) are raster pictures, in which the concentratioa

of an element on the face of the sectioned fallout particle is directly

related to the brightness of the microprobe picture. Bright areas in

the electron backscatter picture, (c), suggest high molecular weight

material. Microprobe picture (d) suggests that the dark area of the

fallout particle in the electron backscatter piclu, was high in silicon.

Picture (e) shows potassium to be reasonably unifun'maly dcist•ibuted, except
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in the high-silica region. Picture (M) shows u .imilasr miLtution foe

iron, except that there seems to be somewhat more segregation. Picture

(g) shows that titanium is highly segregated along the silica inclusion

border, and picture (hi) shows that lead is bordering the particle and

the silica inclusion. The SiO2 inclusion lead border suggests that the

fallout particle has accrcted the silica inclusion. Further investigation

of this lead border reveals that it exhibits a diffusion gradient as

demonstrated in Fig. 19. That is, the lead concentration falls off

continuously from the surface of the particle toward its interior.

The formation of this particle might be recon,:tructed from Figs. 18

and 19 as follows. A lead-coated, unmelted silica-titania particle was

accreted by the main particle while it was quite fluid. This event was

followed by the accretion of a molten, iron potassium-silicate particle

which was also coated with lead. This happened when the particle was

viscous enough so that it did not fully spheroidize. The lack of

A potassium gradient suggests that the particle was not heated to a high

enough temperature to lose tts potassium and pick it back up with a re-

sulting concentration gradient. Since the fron could come from the

tower or the soil, its history cannot be well defined. However, iron

seems to be more concentrated near the surface than in the central

portions of the particle. On the other hand, lead is presumably not a

major soil contaminant, and must have been sorbed by the particle from

the vapor state. It does show conden sation-diffusion model phenomei

Other particles from the same shot generally showed the same

characteristics--lead borders, surface iron, large silica inclusions,

and evidence of agglomeration (usually to a much lesser degree, however).

While the particles investigated normally had diameters in the millimeter

region, at least one particle (attached to a large particle) was only a

tenth this size. This particle, shown in Fig. 20, exhibited features

much like those described previously--a lead border and high iron con-

centration near the surface. This particle even shows evidcnce of the

accretion of a smaller lead-coated iron particle.
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Microprobe studies have also been made on particles from a seeded

coral shot. High-iron, black, spherical particles from this shot show

crystallization phenomena rather than diffusion phenomena. These parti-

clam thus might better fit the Miller model of fission product sorption

governed by freezing phenomena. However, the most interesting infor-

mation obtained from these particles is the large degree of nonhomogeneity

associated with the seeding elements titanium, zirconium, silicon, barium,

potassium, aluminum, and sulfur. These seeding elements range in con-

centrat ion from not detectable to a few percent from particle to particle

and element to element. They are distributed to a highly variable degree

of homogeneity within a particle. Sometimes a spot or two of an element

is found, usually near the surface; other times a major phase is homoge-

neously loaded with an element.

CONCLUSIONS

Microprobe studies, diffusion studies, vaporization studies, and

calculations all support the premise of this paper that a model incor-

porating condensed state diffusion with equilibrium thermodynamic fission

product absorption on the surface layers of silicate fallout particles

is superior to the "freezing point" model for describing the phenomeno-

logical behavior of fission products in silicate fallout formatLon. The

implementation of this model is strongly recommended, even though it does

not encompass all the relevant phenomena in describing the distribution

of fission products in fallout particles.
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INTRODUCTION

I i

The ability to realistically predict nuclear weapons effects is of

universally recognized importance to the national security. Also rec-

ognized is the fact that the effects of residual radiation have long

been among the most difficult to treat satisfectorily. This difficulty

is due partly to the complexity of these effects, partly to their in-

adequate documentation, and partly to the extreme variability of the

debris. In the case of land-surface bursts, initial attempts to handle

fallout prediction began by distributing an appropriate quantity of

activity (usually in terms of an eventual exposure rate) among particles

of varying kinematic properties. After assigning some initial spatial

distribution to these particles, rise, fall and transport mechanisms

were employed in various degrees of detail to bring them to earth.

Numerous prediction schemes were devised, and although each was estab-

lished to give reasonable predictions for at least one known case,

comparison of the predictions made by these schemes for other cases were

found to be dishearteningly different. Eventually and gradually it has

been realized that a different approach is called for.

One sensible, alternetive approach to this problem is through the

breakdown of the overall prediction scheme into modules (e.g., a particle-

formation module, a cloud-rise module, a transport module, etc.) and

submodules which can be evaluated individually for both validity and

influence and refined as necessary to obtain the confidence levels

required. At NRDL we have been using this kind of approach. The efforts

of the Physical Chemistry Branch have been directed toward a particle-

formation module.

Figure I shows a schematic diagram of the processes which occur in

particle formation. Our ability to predict the properties of fallout
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particles theoretically will depend upon our ability to handle the

processes shown here. The efforts of Glenn Cracker have brought the

treatment of the nuclear properties to a point of refinement commensurate

with the available data. Laboratory studies by Charlie Adams, Jack Quan

and Bill Balkwell are now being directed toward the condensation of

radioactive species on primary particles. Ian Huebsch is helping us to

tackle coagulation and scavenging effects.

This paper concerns the work of Adams, Quan and Balkwell. Although

their investigations are still in early stages, they have already turned

up significant and not generally expected features of the condensation

process. Their findings represent a firm and decisive step on the road

to putting tho study of fallout formation on a scientific basis.

PRELIMINARY INVESTIGATIONS

The apparatus used for these studies is shown schematically in

Figure 2. It consists mainly of a two-temperature furnace constructed

from gas-tight aluminum oxide tubing and lined with platinum foil. The

high-temperature zone at the top is wound with Pt-10Rh wire and the low

temperature zone at the middle and bottom is wound with Kanthal wire.

When conducting a run, the top and bottom furnace zones are first

heated to the proper temperature, the vapor source (in this case radio-

active MoO 3 ) is inserted through the bottom into the low temperature

zone, the flow of dry air is begun (60ml/min) and the system is allowed

to equilibrate for several hours. The partial pressure of the M0O 3 in

the apparatus is determined by weighing the MoO 3 source before and after

each series of runs and measuring the volume of carrier gas that has

passed through the apparatus.

The samplýs whose uptake of MoO3 is to be studied are suspended

from a platinum wire hook, preheated in a flame, and then lowered axially

through the hole at the furnace top into the high-temperature zone.
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After t he desi red exposure the sample is quicklY wi thdrnwn, rluenchiccl in

a ii, itiod thlt, amount o! [ MoO. up take deil *'m i wl iby rad ioactive countinag,

III thle prel imi nary runlS, s amples cons isted oli molit en callciurn ferrite,

mnoltenloa 10,11 Ouf- 10tCll socliUni siliciite and were sospended in flat, rouind

trays..

2Figure I show:, thle resul sobt ained hy this met hod as agraph of

trematerials shwcontsidera~ble variationintereatwchty

tak 11) O"3 VaPor.

hecalciPum ferrite, which is both the most I'luid and the ot

reVact i ve with' MoO.1, takes upl the vapor the fastest.* For this substance

IIhe sti kinig coo [lice i et (defined InI 1efe rence I as, thle dimnens ionless

raLt ino 1 tilie tl11101l1lt t aken tip 1) o Hthe nube11r Of impact" sCalculated by

kinetic t henry) ill the line~ar ru(g ionl iS 6,9X I(V4 . Tho loss fluid sodium

sil icate has a coeffticijent of 2. 2x10-4 while thle viscous clay loam has a

Ii (fiCient of 0 *,IX I ()- 4. The cites t Inl.; now arise as to what is the

significaline of these low sticking enef I icients and how arc. they related

to thle actual mlechanli sil of cond~ensat ion.* Preliminary to describing tile

conclusionls we ha1%ve i'eached, some, theoretical background on this subject

is appropr ia te

BIACKGROUND)

The (')nldens tt ion of fission-product vaponrs on substrate material is

a case of complex heterogeneous kinetics. Figure 3 shlows the various

courses iliat can be taken by a molecule impinging on a surface. These

have been dealt withi previouslY in some detail. ()In the present paper

we will confine discussion to the gross features.

From a simplified viewpoint tile steps in condensation can be visu-

al ized as (1) (diffuition through the vapor to the particle surface,

(2) condensat ion at tile surface, (3) dliffusion into the particle and
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(4) eventual equilibrium between vapor and condensate. The relative

rates at which particles of different size condense fission products and

eventually distribute them will depend upon the relative dominance of

these steps.

If the first three steps all proceed rapidly and reversibly, equi-

librium will be achieved and the radionuclides will distribute themselves

among the available particles in proportion to the cube of their diame-

ters, provided the particles are large enough that surface effects can

be neglected.

If condensation is reversible but the slowness of one particular

step (called the rate-determining step) controls the rate of attaining

equilibrium, the rate of uptake will be proportional to some power of

the particle diameter. If particle diffusion is slower than either vapor

diffusion or surface condensation, the particles will take up the vapor

at rates proportional to their surfaces. If condensation ceases long

before equilibrium is reached in any particle, the resulting distribution

among particles will go as the square of the diameter. A somewhat

greater degree of achieving equilibrium would result in the smaller

particles becoming equilibrated with the vapor while the larger ones

remained unsaturated.

If condensation at the surface were rate determining, particles

would again take up vapors at rates proportional to their surfaces; again

an early cessation of the reaction would leave a surface distribution;

again, if the reaction were reversible, the smallest particles would

achieve equilibrium first.

*- If vapor diffusion were rate determining, particles much larger

than the mean free path of the condensing molecules would assimilate

fission products as the first power of their diameters. Particles much

1 • smaller than a mean free path would assimilate fission products as the

second power of their diameters. As before, the smaller particles would

get the closer to equilibrium.
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Table I summarizcs these uunsiderations and shows also the

dependence of uptake upon time for different rate-determining steps.

Here it is seen that the time required to reach a given concentration

depends upon the mechanism: it is proportional to the diameter for

surface-condensation control but to the diameter squared for particle-

diffusion control. This fact, too, can be used as a criterion in

referring the nature of the rate-determining step.

At this point we should not anticipate that every fission product-

substrate combination would be governed by the same mechanism, or even

that each situation will be a clear cut case of government by a single

slow step. Control may pass gradually from one step to another with

changes in temperature, particle size, etc.

Table 1

Functional Dependence of Deposition Properties on Time (t) and
Particle Diameter Wx) for Different Rate-Controlling Steps

(Spherical particles far from equilibrium)

Rate-Controlling Step
Diffusion Condensation Diffusion

Property in Vapor at the in the
.X>>ý X<<A Surface Particle

Rate of 
X

Uptake x

Amount xt x2 t x2t x2Jt
Taken up

Average t t t Vt
Concentration xx x x

Time to Reach
a Given x2  x xx 2

Concentration

a ?L mean free path of condensing molecule
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MECHANISM

To determine the significance of the observed sticking coefficients

and the mechanisms responsible, a series of experiments was designed to

gather data which would use the relations of Table 1 to distinguish be-

tween rate-determining steps. These experiments measured the rate of

uptake by pendant drops of molten substrate supported by Pt wire loops.

Drop diameter varied from 0.16 to 0.5cm. The substrates used were

calcium ferrite, sodium silicate and clay loam, as before. For inter-

comparison of results with the General Atomic group, calcium aluminum

silicate was added to the list. Runs were conducted at 1387 0C using

about 6 to 7xlO-6atm. of MoO 3 in dry air.

Figures 5 and 6 show the results obtained with calcium ferrite and

clay loam, respectively, as graphs of uptake vs. time. Results obtained

with the other materials were intermediate between these two extremes.

The rate of MoO 3 uptake by the fluid calcium ferrite particles are

seen to be independent of time, indicating that the rate-controlling

step is either surface reaction or vapor diffusion. The high affinity

of CaO for MoO3 suggests that the latter is more likely.

The rate of MoO 3 uptake by the viscous clay loam is time-dependent,

as were the results obtained with sodium silicate and calcium aluminum

silicate eutectic. These observations suggest that diffusion in the

particle is rate controlling for the siliceous substrates.

A further test of these indications can be obtained by studying the

rate of uptake as a function of drop size. This is shown for calcium

ferrite in Figure 7. Here, the rate of uptake is plotted both against

the diameter x and against x 2 . The linear relation to the diameter

shows that diffusion in the air, rather than reaction at the surface, is

rate controlling. This conclusion is in accord with the physical and

chemical properties of the calcium ferrite.
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Figure 8 shows the results for the clay loam. Here, the amount 01.

uptake is plotted against x 2 t, x0t and xt for each particle. Only the

curve against x2 1t is linear, supporting the previous indication that

diffusion in the particle is rate determining. This support is clearer

for the smaller particles and is in accord with the high viscosity of

this material.

The results obtained for the other two substances are not as clear

cut, although in each case the graphs for the smallest particle again

indicate that particle diffusion is rate controlling. Graphs for the

larger sizes are ambiguous.

Figure 9 compares the amount of uptake of M0O3 f'or nil four sub-

stances us a function of particle size. Next to calcium ferrite,

calcium aluminum silicate eulectic takes up MoO3 the mos't rapidly,

Sodium silicate is seen to approximate more closely the behavior of the

clay loam,

One 5amp3on of clay loam and one of calcium aluminum silicate wore

allowed to take up MoO. until saturation was reached. The final amounts

taken up were 0.18 and 0.98 weight percent (0,12 and 0.43 ni,.o percent)

respectively. These correspond in turn to Henry's Law co),wtants of

5,lxi0-3 and 1.4xlO-3 atm. The latter agrees with the value 10- 3 -10- 4 atm.
(3)

reported by Norman. The value for the clay loam is based on an

assumed molecular weight of 92.5 and is for illustrative purposes only.

This equilibrium data allowed diffusion constants to be calculated.

Depending upon the data chosen these varied from 5xlO- 9 to 9xl0-9 cm 2/sec

for the clay loam and 4x10-9 to 12xlO0cM2 /sec for the eutectic. The

latter value is some forty times lower than that reported by Norman.

The discrepancy and range indicate that in our case uptake by the

outectic is not completely controlled by particle diffusion.
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If the rate-controlling steps observed here hold fnr the conditions

under which particles are formed in Nevada and Eniwetok, these results

have considerable practical significance. To the already impressive list

of known differences between Nevada and Eniwetok surface shots (viz.,

yield, soil melting point, soil boiling point, chemical affinity) they

add the difference of mechanism of condensation for at least one fission

product element. Attendant to this possibility is the awareness that

added caution is necessary when extrapolating results from one soil to

another, particularly when so many difficulties in fa2lout prediction,

past and present, can be traced to one or another unwarranted

extrapolation.

There is some slight evidence that such a difference in mechanisms

may hold under actual shot conditions. Russell " has pointed out that,

in the 5 to 50-JA range of active particles from Bravo, Sr89 was incorpo-

rated as the 1.4 power of the diameter and Moss as the 1.8 power, while

in undifferentiated Johnie Boy debris these powers were 2.0 and 2.8

respectively. Of course, the behavior we have observed would be more

appropriately applied to Ru and Rh activities, but the differences

mentioned by Russell are at least cause for concern.

Further studies are necessary to determine whether these results

hold at the lower vapor pressures, smaller particle sizes and higher

temperatures prevailing in fallout formation. Table 2 shows some c the

effects that changes in conditions may produce. Also necessary are

observations on the effect of water vapor, comparison of ambiguous cases

witl r:-oretical equations, and comparison of apparently clear cut cases

to mekared diffusion constants.

In closing it is appropriate to paraphrase the words of 0. N. Lewis

and M. Randall in tiheir classic treatise on thermodynamics: "Let this

(work) be dedicated to the (fallout scientists) of the newer generation,

who will not wish to reject all inferences from conjecture or surmise,
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but who will not care to speculate concerning that which may be surely

known."

Table 2

Effect of Change in Conditions on Relative Importance

of Processes and on Final Distribution

Effect on Rate
Change Effect on Processes of Approach to

Equilibrium

Increase Speed up all processes. Increase
Temperature Decrease relative importance

of diffusion in the particle.

Decrease Decrease relative importance None if not
Partial of diffusion in the particle, controlled by

Pressure particle
diffusion

Shorten Increase relative importance Decrease
Exposure of diffusion in the particle.

Increase Increase relative importance Decrease

Irreversibility of diffusion through the vapor.

Decrease Increase relative importance Increase
Particle of diffusion through the vapor.

Diameter

Increase Decrease relative importance Increase if
Turbulance of diffusion through the vapor, controlled

by vapor
diffusion
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SIMULMTION OF PARTICUIATE FALIIUTX

G. F. Rynders
Jnitvcersity of (a a ifornia, Lawrncc lRadiat'ion Laora tIory

Livermore, California

ABSTRACT

A radiio-frequency induction plasma generator is being

used to obtaini chemical roactions similar to those cnc(ujltered

in a nuclear explosion. Thermal plasmas produced by this

technique range in temperature from 4,000 to 20, 0000 K, and
offer high enthalpic input and freedom £from contatiner con-

taininatton. While material fed into the plasman may not

reach these t emperaturcs, the more, refractory oxides can be

vaporized completely. Reactions of interest generally occur

below 30000K. III this sVs5t-ii, comriple ly cl nclostn d lo" It' I I

control of the envi roneita, gas-gas and/or gas-liquid ru-
actions are studied by variation of parameters such Lis aver-
age particle size, feed rate, residence time, and power input.
For a moniodisperse system of particles fod, a binoiddul distri-
bution of particles results. The larger particle.. rPesult
from inciting of the original particles (a conseqCluence of

short residence time); their shape is contrlolled by surfaue
tension. They may be solid or hollow, cristallinm or glassy.

Some of the hollow spheres have internal negative crystals.
Particles condensed fromn vapor are sub-micron in size be-
cause of the sho't quench time which limits growth. BLotLi
types of particles arc similar to thosc found in nuclear
explosion debris. Tire report also gives P description of

mental parameters to those expected in formation of fallout.

,0I

Work p rfo'rmed undcir the auispices of the U.S. Atomic

Enl u'g" Conalli s s itll.
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I. INTRODUCTION

In the fireball of a nuclear explosion, very high temperatures are

produced in which material exists in the atomic and ionized states.

The condensation processes responsible for determining the physical

and chemical nature of fallout, however, occur at temperatures less

than about 3,000K. A number of working models have been proposed to

explain the mechanism of fallout formation and its distribution. (1.2,3)

These models, primarily based on radiochemical and microscopic studies

of fallout, are handicapped by a lack of kinetic and thermodynamic data.

Experimental data of the type carried out by Adams and Quanr(4) at NRDL

and at General Atomics(5) is needed for incorporation into these models.

In the present work, an experiemental approach has been taken to

simulate some of the chemical processes which may occur during the

formation of fallout in the later stages of the fireball. The labora-

tory plasma provides a convenient means of heating materials to high

temperatures without contaminating the container. While material being

fed into the torch may not reach the plasma temperatures, enough heat

may be transferred to melt and to vaporize the most refractory oxides.

A primary factor in this transfer is the "residence time" which in this

study is of the order of tens of milliseconds. The rapid heating and

quenching effect experienced by particles in the plasma has an obvious

analogy to that occurring in the fireball.

Laboratory plasmas have been used in a number of applications to

study high-temperature reactions. Kana'an and Margrave have presented

a review of current work which includes use of plasmas as spectroscopic

excitation sources, ablation studies, crystal synthesis, spheroidization

of materials, application of refractory coatings, and chemical processing.

The radio-frequency induction method was chosen for our work to eliminate

electrode contamination problems and to permit the use of reactive gases.
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An investigation of the characteristics of a plasma produced

by a radio-frequency induction gbnerator shows that temperatures
(7,8)

bctwccn 4,000 and 20,000K may be attained. For torches opera-

ting at one atmosphere, local thermal equilibrium is found to exist with

the gases of the more common types, that is, temperatures are found to be

Lqual for electrons, ions, and atoms, within short distances. The common

gases are found to be nearly completely dissociated. The plasma is con-

sidered to be "optically thin," (9) i.e., t'ansparent in many areas of

the spectrum. Many new lines appear in the spectra from forbidden transi-

tions, not usually observed.

II. EXPERIMENTAL

Figure I shows '-- argon plasma operating at a plate power of 7.5 kW

or about 88 kcal/mole, and having an average temperature of about 12,000*K.

This does not.imply a uniformity of temperature within the fireball. Once

the plasma has been initiated, conduction takes place in the'outer skin

of the plasma, and this skin is surrounded by a cooler reog'ion botween it

and the walls of the fused silica container. The gradient to the center

of the plasma region may be steep or flat, depending upon the turbulence

in the system. It is convenient to express the energy in the system in

terms of its enthalpy, The efficiency for conversion of electrical

energy from the generator to energy in the plasma is estimixted to be

about 45 percent of the plate power of the oscillator tube,

The power supply is a variable-frequency (4 to 15 MHlz), 20-kW induc-

tion generator unit manufactured by the Forrest Electronics Company. In V

Figure 2, the generator with accessory equipment is shown. A powder

feeder supplies a sized fraction of particles to the plasma. The melted

or vaporized material is then collected in the lower part of the apparatus,

either by sedimentation or electrostatic precipitation. A final membrane

filter and exhaust pump completes the system. A diluent gas is added in

the collector to lower the mean temperatur'. In the chamber. Total flow
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through the system is fixed at 51 liters/min. Since the position of the

torch is fixed, provision is madc for x, y and z movement of the collector

assembly. In addition, the lower part of the assembly is hinged for ro-

tation out of the chamber for cleaning. The electrostatic precipitator

is lined with a 0.125-mm-thick, stainless steel removable liner. A 25-kV

half-wave rectified power supply Is connected to the precipitator. The

feeder, torch, and collector assembly form a closed systewm so that the

environmental atmosphere controls the degree of oxidation o(l tie reaction

products. Although the gases are presently exhausted, provision can be

readily made to scavenge particular gases of interest. The reactor por-

tion of the system is sealed in chamber apart from the genciator, utility

supply chamber, and the outside. Thus, contamination would ho contained

in the event of rupture of the torch walls.

To obtain meaningful results, it was felt necessary to feed parti-

culate material at a known constant and reproducible rate. A number of

commercial feed units were evaluated and found to be unsatisfactory for the

purpose. A screw-feed device was therefore designed by us to deliver

particles between 20 and 150 microns in diameter at a rate ranging from

1/2 to 2 g/min (e.g., alumina with a true density of 3.95). Up to the

present time, feeding of fine powders in our system has been limited to

this size range. It is also possible to inject solutions and gases, such

as H2 0, CO 2 and SO2 , into the plasma.

III. ANALYrICAL .ECVNIQbES

The techniques used in characterizing the particles produced are

those used for obtaining particle-size distributions and those describing

the physico-chemical nature of the individual particles, i.e., chemical

phase, structure and morphology. Optical microscopy, with both reflected

and transmitted light, is used to analyze the larger particles, i.e.,

those above a few microns in diameter. To observe soheroidized particles

in polished thin sections, we have experimented with the use of soft glasses
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To obtain the sizc distributtion, a Zeiss particle size analyzer

has been used. The particles, suitably dispersed oil a slide, are photo-

graphed and a print is made. 'Iic size ot' tile individual particles are

matched with the area o0 a circular sp,,t of light. whose size is related

to a particular channel in a counting device. As each particle is matched,

a foot switch actuates a counter and porforatps the print, thus indicating

the particle has been countned. This technique was chosen for its utility

to both light an~d electron microscopy.

The centrifuge technique as described by Whitby anu manufactured

by the Mines Safety Appliances Co. is expected to be uLseLul for concen-

tration purposes as well as analyses. Micro-mesh sieves ave being used

for separations down to 5 microns. Other tcchniques, such as x-ray

diffraction, radioactive countitg and autoradiography, will also be needed

as the program develops,

IV, RLSULTS AND DISCUSSION

Most of the work thus far has concentrated on the development of the

system-torch, particle feeder, and collector. In the course of this work

particles have been obtained in exploratory experiments, but an organized

study of their formation processes has not been started. Since aluminuml

oxide is readily obtainable, much of the work has been done with this

mr;torial. Other materials, such as basalt, granite, tuff and sands' tv

have been passed through the torch. Results of several of these exp, -

ments will be discussed,

If the residence time of the particle in the plasma is short and the

particles are large, the. particles melt without appreciable vaporization.

The volume of the resulting spheres is only slightly less than in the

initial miterial. Vaporization from the surface and subsequent condensation

results in the formation of small spherical particles which are collected

in the electrostatic precipitator. If smaller particles are introduced,

complete vaporization may take place.
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Figure 3 shows alumina particles spheroidized in an argon plasma

with an enthalpy of 32 kcal/mole of argon. Initial polycrystalline

particles, averaging 70 microns in diameter, were fed at the rate of

0.4 g/min. Of the large particles recovered, about 95 percent were found

to be spheroidized. This percentage is primarily a function of torch

design and plasma heat content. It can be nearly 100 percent. Many of

the resulting spheres contained voids. Surfaces show thermal etching as

well as excessive surface shrinkage effects. Closer examination of the

particles shows several distinct types. Two crystalline phases - alpha,

the high-temporature form and theta, a form usually associated as an

intermediate phase - are obtained in the dehydration of the hydroxide.

Three different types of spheres have the alpha form; the spheres of the

theta form have a rectilinear void structure. As collected, the particles

show a high degree of strain and require axinealing to obtain the charac-

teristic indices of refraction. Since the crystallites are small and

polycrystalline, only avorage optical values were obtained.

The particles shown in Figure 3 were obviously not chosen for the

lack of defectq, buc to show the character of a specimen that is partic-

uiarly difficult to mount and manipulate. In addition, the presence of

a multiphase reaction product is also of interest.

Several rock types have been crushed and fed through the system.

All these particles ranged in diameter between 70 and 130 microns. A

typicil sample of basalt is shown in Figure 4. To bring out the charac-

ter of the ,ock samples, they were photographed under crossed polarizers

with a first-order red plate. The high absorption of the ferromagnesian

minerals may be observed. After the material was passed through an argon

plasma, the resulting particles were nearly completely spheroidized.

Figure 5 shows the spheres, as collected. The individual grains have

melted and may be separated for analysis. Figure 6 shows spheres ob-

tained from granite. Figure 7 shows spheres obtained from tuff. Figure

8 is the sample of crushed sandstone rock before spheroidizing. The large
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grains are primarily quartz, stained with iron and titanium. However,

some terminated crystal clumps of calcite may also be observed. The small

particles are fragments of the calcite broken up during the sieving process.

Spheres resulting from this material may be seen in Figure 9.

Rocks containing phases with gaseous decomposition products tend to

have more hollow spheres, as is the case with granite, tuff and sandstone.i

The shape and relative amount of voids in the spheres differ appreciably.

In experiments with alumina, voids having internal faces were observea.

For those materials which crystallize readily, such as alumina, the re-

sulting spheres are crystalline. In the case of the silicate minerals,

the molten liquids tend to be more viscous, and glassy spheres result.

Annealing is required to relieve the strains introduced during cooling.

Hollow sphere formation has been observed by others and has been the

subject of some discussion. The solubility of oxides in high-temperature

gases, viz., water vapor, has received appreciable concern in recent years,

but little effort has been placed in obtaining an understanding of the

solubility of gases in liquid oxides. Meyer(11) has pointed out that

hollow spheres are more readily formed in high enthalpic plasmas con-

taining nitrogen. Particle porosity increased with residence time in the

plasma. He has concluded that the solubility of nitrogen is a chemical

process which reverses itself at lower temperatures to release nitrogen

and inflates the liquid particles to hollow spheres. Some evidence is

also given for excess aluminum remaining in the particles. Diamond and

Dragoo(12) have observed that molten alumina picks up water and releases

it when cooled. However, these latter investigators did net observe the

same effect with other common gases, including nitrogen. It has also

been observed that the presence of small amounts of water in liquid sili-

cates decreases the viscosity of the melts.

The rate at which various materials absorb heat in passing through

the plasma is of interest in obtaining a value for the peak temperature of

liquid particles. An important parameter is the residence time. Meyer
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has pointed out that with argon and argon/nitrogen mixtures, the ease

of melting is not related to the melting point of the compound, bat ap-

pears to result from a catalytic recombination effect similar to that

found in the atomic hydrogen torch. Marynowski, Halden and Farley(13)

have also examined the various methods of heat transfer.

For the material vaporized in the plasma, condensation occurs with

the formation of extremely fine particles. For the alumina experiment

discussed previously, the material collected in the electrostatic precip-

itator appears as spherical particles, or nearly so, ranging in size

from 0.01 to 0.10 microns. Figure 10 shows a collection of such particles.

The particles occur in aggregates that may be several microns in size.
Some of the particles appear to have hexagonal faces. The presence of
highly charged particles in the atmosphere of the "tail flame" of the

plasma provides ready nucleation of material from the vapor. X-ray

diffraction patterns indicate the material to be alpha alumina, which

is hexagonal.

Long and Tiechner(14) observed that an interaction occurred between

particles that were passed through a flame a sezond time to obtain an

increased average particle size. In the present work, this growth effect

has not been observed. There appears to be little interaction between

particles when they are above say 50 microns, at )Tast for the material

concentrations examined.

V. SUMMARY

A closed system in which a radio-frequency induction pias used

for heating material introduced in particulate form, togethci -U-,.Lh a

particle collection system, has been constructed. Particles obtained from

the system show some similarities with those obtained from fallout pro-

duced from nuclear explosions. Because of the control which may be

exercised in producing the particles, it is expected that this experimental
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approach will be useful in understanding some chemical processes taking

place during the cooling of a nuclear fireball.
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Fig. 1. Argon Plasma at '-53 kcal/mole; Genieratedi at 5 MHz
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Fig. 2. High-Frequency Induction Plasma Fallout-Simulation Apparatus
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Fig. 3. Alumina Spheroidized in an Argon Plasma with an Enthalpy of 32
koal/mole. Photomicrograph was Taken in Transmitted Light with
Crossed Polarizers Through a Thin Section (f'135j4) Mounted in
Glass. (Magnification 200X)
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Fig. 4. Particles of Crushed Basalt Before Spheroidizing. Photomicro-
graph was Taken with Transmitted Light with Crossed Polarizers
and First-Order Red Plate. (Magnification 150X)
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Fig, 6. Granite Particles Spheroidized in an Argon Plasma (64 kcal/

mole Argon) . Photomicrographl was Taken in an Im~ersion Oil

(n =1.60) with Transmitted Light. (Mlagnif.ication 150x)
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Fig. 7. Tuff Particles Spheroidized in an Argon Plasma (41 kcal/Mole
Argon). Photomicrograph was Taken in an Immersion Oil
(n = 1.56). (Magnification 15OX)
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Fig. 9. Sandstone Particles Spheroidized in an Argon Plasma

(43 kcal/mole Argon). Photomicrograph Was Taken Using

an Immersion Oil (n -- 1.56) with Transmitted Light and

Green Filter, (Magnification 15OX)
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Fig. 10. Electron Micrograph of Vapor Deposited Alumina Particles

Collected on the Walls of an Electrostatic Precipitor ,

after Vaporization in Argon Plasma. (Magnification
106,000×)
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SESSION TWO I
CLOUD DEVELOPIENT - PARTICIE CIRCULATION
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SOME ANALYTICAL METHODS LEADING TO A
DETERMINATION OF THE APPROXIMATE

VELOCITY FIELD OF THE FIREBALL

J. W. McKee
General Electric-Tempo

Santa Barbara, California

ABSTRACT

The application of Moyals method in fluid mechanics to
determine the velocity field of the fireball is described.
The equations of change are Fourier transformed and the
momentum equation in wave-vector space is shown to segregate
into two equations which may be uncoupled under some con-

ditions. The convolution integrals which arise from the non-
linear terms after Fourier transformation are approximated by

the value of the integrand which corresponds to non-linear
coupling between the largest eddies and the eddies of all
other sizes. It is shown that the resulting term is respon-
sible for translation of the space coordinates in a manner

which depends on the initial conditions. The translation
effect allows a convenient description of the motion and
temperature distribution in a moving frame of reference. For
the case of an initial velocity in the upward direction only,
the translational velocity may be identified with the rise
velocity of the fireball.

A set of initial conditions is used to show the character

of the solutions which may be obtained. The solutions are
examined and their limitations are discussed.
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INTRODUCTION

The objective of this paper is to discuss the processes within the

fireball and cloud of a nuclear explosion which are important in deter-

mining the distribution of debris, temperature, and velocity. The

problem may be approached from many points of view, some of which are:

(1) Correlation of test information to develop empirical expressions
for average temperature, rise velocity and fireball radius.(1,2)

(2) Development of computer programs(3,4,5) for the calculation
of fireball and cloud characteristics.

(3) Simplified theoretical studies of the governing equations and
the associated concepts involving, for e ample, buoyant effects,
mixing, turbulence, and diffusion.(6,

7 , 8'

(4) Theoretical studies of the fundamental properties of turbulence
starting with isotropic flow.( 9 110,11•1 2 )

This paper adopts the point of view of Item 3 above in which the

equations of change are examined for the information they contain, are

simplified and solved for several cases which may bear on the problem of

prediating fallout. Throughout the analysis a series of assumptions is

invoked to continuously simplify the problem in a way which may preserve

the main mechanisms of the dynamics and still allows solutions to be

obtained which display some features of the problem.

(9)
In an important paper Moyal demonstrates the methodology by which

two types of velocity spectra may be segregated. The resulting equations

are tractable if the assumption is made that the largest eddies in the

*l flow dominate the non-linear terms.

In this paper the convolution integrals which arise from the non-

linear terms in the momentum equation are approximated by the value of

the integrand which corresponds to non-linear coupling between the largest

eddies and the eddies of all other sizes. It is shown that the resulting
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term is responsible for translation of the space coordinates in u inincrr

which depends nn the initial conditions. The translation effect allows

a convenient description of the motion and temperature distribution in a

moving frame of reference. For the case of an initial velocity which has

a net momentum transfer upward, the translational velocity may be identi-

fied with the rise velocity of the fireball.

(13)
0. M. Phillips has shown that if the net linear momentum of the

fluid is non-zero in a viscous fluid in the final stages of decay of tur-

bulence, the motion develops into a kind of vortex ring similar to the

solutions found in this report. The inclusion of part of the non-linear

term as carried out here provides a translation of the ring through the

fluid which depends on the initial conditions. The theory of vortex rings
(14)

in an inviscid fluid due to Lamb and to Hill are reviewed by Turner.

The work reported here is an extension of the theory of tturbulence*

in the final period of decay to include a translating, viscous vortex

ring. The theoretical description of the viscous vortex ring has not, in

the past, included the translation effect. The theory of the inviscid

vortex ring has included translation but does not predict expansion of

the ring.

The plan of the paper is ao follows: First, the equations of change

are Fourier-transformed and the momentum equation linearized. Second,

solutions for the velocity spectra are obtained which consist of the par-

ticul.ar integral which includes the effect of the buoyant forces and solu-

tions of the homogeneous equations which do not include the effect of the

buoyant forces. The spectra of velocity are inverted back into physical

space for selected initial conditions. A type of motion corresponding to

formation of a translating torus is found to be a special case of a more

general motion.

*The use of the word turbulence here is dependent on the use of suffi-

ciently complex initial conditions that during decay the flow appears
"turbulent."
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THE EQUATIONS OF MOTION, HEAT TRANSFER,
AND STATE IN PHYSICAL SPACE

The problem is specified in terms of the conservation of mass, momen-

tum, energy, and the equation of state using the dependent variables s,

7Tp, and 0 where s = 2n(P/P0 ), ip = in(p/po), 0 = £n(T/To) and the veloc-

ity, v f (v 1 , v2, v3 ) of the fluid. The subscript zero corresponds to

any convenient time-independent reference condition and P, p, and T are

the density, pressure and temperature at any point x = (xi, x;, x;) and

any time t'. We specify a body force per unit mass of g' in the negative

x3s direction.

+ s j ()s

avi V + '2 -- 8V

((- )LLp Ba p .6 (2)77i 3 ax ax v 8x'1
i i

ati 7 at, ft cT

('i 8V 2 jv (3)
[_(DX T - (3

2T = s+6 (4)p

The summation convention is used in these equations and throughout

this report, In the order given, the equations represent the conservation

of mass, momentum, and energy and the equation of state. The quantities

n, a1 are the kinematic viscosity and thermal diffusivity of the fluid,

respectively, The quantities a', V, c are the velocity of sound, ratio
p

of specific heats, and the specific heat at constant pressure of the fluid,
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Si •P'Lvuly" Theu quantity u13 is equal to unity if 1 f 3 andl zero

Sotherwise. In performing the following analysis we make the assumption

that the quantities P, 11, a', Y and c are constant at their values
p

corresponding to an average condition within the fireball.

In many problems involving the late-time fireball, with low Mach

number rise rate, the term in braces on the right-hand side of Equa-

tion (3), representing the effect of viscous dissipation on the tOamper-

ature, is small compared to the other terms and may be disregarded.

This does not imply that viscous dissipation is neglected insofar as it

is the ultimate energy sink in the smallest eddies. It is simply not

considered to influence the temperature measurably.

In addition, the equation of state represents a perfect gas and we

therefore assume that the effect of chemical reactions within the fluid

plays a negligible role. This contributes to inaccuracy of the solutions

when the temperature is above, say 20000 K at most altitudes.

It is implicitly assumed in writing the above equations that the

flow behaves according to continuum mechanics.

We have also assumed that the fireball is small compared to dis-

tances over which the Earth's gravitational field changes by a signifi-

cant amount.

The late-time fireball is characterized by a relatively uniform

pressure at a given altitude. This concept of "pressure equilibrium, "

though it is probably not completely valid, will be employed to simplify

the equations. This assumption requires that the pressure everywhere in

the fireball is equal to that which occurs in an undisturbed atmosphere.

This requires that

SOp = -p 0 p 0()

"ax" 7 -x2  T
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Iu t. ba be the buoyant force per' unit mass

1)3 = - L!- g - g ' rI -T I ) -
T OX3  =

where To is the ambient temperature in the vicinity of the fi veball,

If 0 is restricted to values much loss than one, then

1)3 = gAo ('0)

If If' is the scille height of pressure in the atmosphere, we have

O -p (7)

If Equations (5), (6) and (7) are employed in the momentum and energy

equations these become

Dy1  1 v bvv
o-VV V-- =V. av + (3)

it 3 Vxi' ax,; a, 13'

71Vr - 1v 2
0 -= iL • - " v 3 /Hý' ()

3

Equations (1) and (4) remain unchanged. Equations (1), (41), (H)

and (9) are the basic sct which will be discussed in this paper.
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THE NON-DIMENSIONAL EQUATIONS
IN WAVE-VECTOR SPACE

Following the work of Moyal the set of Equations (1), (4), (8) and

(9) ic transformed into wave-vector spaue in accordance with the follow-

ing relation

= fie dZi (10)

The quantity dZ is the Fourier spectra of the velocity in the i
i

direction. Similarly, we define formally the quantities dS, dP, and dQ

as follows:

s f e dS, r f e + dP, 0 f e dQ

The integrals are taken over all of wave-vector space. We follow

the notation used by Moyal,(9) and Batchelor(12) and others where the

velocity spectra are shown as differentials and the velocities are for-

mally written ab Stieltjes integrals of the spectra. A rigorous analysis
(15)of this usage hag been published by Wiener.

The magnitude of the vector k = (k1 , k2 , k3 ) can be loosely consid-

ered as an inverse measure of eddy size in the sense that 2r/eddy length

in the i direction approximately equals ki. The transformation into

wave-vector space thus brings together, into a small volume in this space,

all eddies in the flow of a given size and shape independent of where they

may occur in physical space. The largest eddies in the flow are trans-

formed so that they reside near the origin in wave-vector space, while

the smallest eddies occupy regions far from the origin in that space.

Energy is considered to start with the largebt eddies near the origin and

flows outward toward the region occupie1 by the smallest eddies where, by

the action of viscosity, it is eventually dissipated as heat. Ini this

manner energy is removed from the gross motion of the fluid as the eddies
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are reduced in size and reappear more remote from the origin. This

process cannot continue indefinitely without supplying energy to the flow,

mainly to the largest eddies. The role of the body force per unit mass

in Equation (2) is to supply this energy from the gravitational field.

This concept will be used later in an attempt to reduce to manageable

form, the convolution integrals which will soon appear.

The transformation is straightforward and the approximate non-

dimensional equations in wave-vector space are

aTdS + iRek dZ 'iR kdZ (k'-k) dS(k') (11)t , J

dZ + k 2 dZ +.I k k dZ -iRef kdZj(k'-k)dZ (k')+gdQ6ia (12)
Ft I 1 3 iji

dQ +! k 2dQ i.Ref k'dZ (ke-k)dQ(ku) -Re( dZa)~ (13)

dP = dS + dQ (14)

Adding Equations (11) and (13) we have a useful auxiliary equation

V k2 dQ + iYRek dZi dZ (15)

To obtain Equation (15) we have made use of Equations (5) and (7).

In these equations a typical length in the flow, re, is taken as the

unit of length; a typical velocity, vr, becomes the unit of velocity.

The Reynolds number, Re, is given by r 0 vo/v. The unit of time becomes

re3 /v, and g' = gro0 /v 0 y. Therefore, all quantities in the set of equa-

tions immediately above are non-dimensional, including k which is

measured in units of I/r 0 .
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DECOMPOSITION OF THE VELOCITY

SMoyal has shown that the compunent of the vector dZ in wave-vector

space which is parallel to the vector k is associated with compression

waves and random noise (irrotational flow). The components of dZ which

* are transverse to k are associated with the eddy turbulence (solenoidal

flow). In order to segregate these two kinds of motion, following Moyal,

we define dZk as the component of dZ along k and dZ as the ith com-

ponent of dZ(t) a vector transverse te C. This may be written

k kdZi dZ (t). +1- (16)

Note that k dZ = kdZ and k dZ a 0.
j J k

If we define the quantity dC WX) by

dC W = -iRefk'dZ (k'-k)dX ( W)

then wo have

W k,

dC(X) W = dC•t(x) + - dC (X)
Si k k

where dX is any one of the spectra.

If Equation (16) is substituted into Equation (12) and both sides

are multiplied by ki/k, the result is

U +1 k2dZ dC (Z) + gdQ ka/k (17)
at k 3 k k

If Equation (12) is multiplied by (6,J - kk A/k2 ), the result is

(tT + k2 dZ (t) dC (Z) + gdQ(6 3 j-k 3 kj/k 2 ) (18)
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2

The quantity 6 -k k kA 2 is called the projection operator and

has the property of converting a vector in k-space into components nor-

mal to ;. That is, if A is a vector in wave number space, the vector

A is normal to 9 when

A =• ij " k kj/k2)

We now have two equations which result from the original momentum

equation. One of these equations governs the behavior of the spectra of

the irrotational velocity [Equation (17)]; the other governs the behavior

of the spectra of solenoidal velocity [Equation (18)].

LINEARIZATION OF THE MOMENTUM EQUATION

The non-linear effects represented by the convolution integrals will

be partially taken into account by assuming that the largest eddies in

the flow (those for which k = 0) are the principal agents in the convec-

tive process. It is possible to decompose the convolution integrals into

the following form:

fk dZ (k'-k) dZ (k)k'-k)dZ (k')

e e - k ke ek j

i kkk dZ(0) dZWt)

and
f k',, dZ((k'-k) dZk')k /k - k dZ (k'-k) dZ (k')k /k

e k '•k e e j

+ k dZ (0) dZk(k)

where we have used the relations dZ t)(k) (6 i-k k /k 2 ) dZ (k) and
ii Ii ij

k dZi =k dZ
iik'
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The last term on the right in these equations represents the

non-linear interaction of the largest eddies with the eddies of all

other sizes and is the part of the Integral which corresponds to the

spl~erical shell in wave-vector space for which k' = k. The non.-

linear effects associated with the first term on the right-hand side
! are disregarded for the present study.

The equations for the spectra of velocity become

8t dZ (t) + k2 dZt) = IReke dZe (O)dzI (k) + gdQ(613-kski/k2) (19)

a. dZ + 1 k 2 dZ = -iRek dZ (O)dZ (k) + gdQ k3/k (20)
at k 3 k e e k

The time dependence of the quantity ke dZe (0) is found by letting

k 0 in the above equations

a .Z (t) 8 (t)a-da M (0) = gdQ(O) , i = 1, 2 ; dZI (0) = 0

a
F dZk(O) = gdQ(O)

The equations immediately above may be integrated to give

td.t) = Zt)(oo + (1 tQ(ia)].
dZM (O,t) = dZ (1-61) g (t)dt

t

dZk (O,t) = dZk(ObO) + gf[dQ(O,t)ldt

This shows the increased spectral component corresponding to the

largest eddies caused by the buoyant forces.
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The resulting equations for the spectra of the solenoidal velocity

are linear (the relation ke dZe U kdZ has been used again).
e e t) k

M dt +[ 2  M ~k()(1o• [k + trek dZk(0,O)JdZ t gdQ(61 3-k 3ki/kg) (21)

The equation for the spectra of the irrotational velocity is Identical

except that the term k2 is replaced by 4k0/3 and the projection operator

is replaced by k 3 /k.

The solutions for the homogeneous equations are

Wt) -k2t
dZ( (kit) = dZt (k,O)e exp[-iRek dZk(0,O)t] (22)

dZk(kt) = dZk(k,O)e- k2texpl-iRek dZk(0,O)tJ (23)

Note that dZ~t)(k,O) = (6ij-k kj/kd)dZ (k,0), and k dZk(k,O) = kjdZj

The velocity spectra obtained from the homogeneous equations are,

from Equation (16)

dZt(kit) = Z1  (k)t) + (k /k)dZk(kit)

II I

=f dZ j(k,O) expl-iRekj dj(OOJ]M.N

-(6jk2-kik ! + kIj k (24)Ik k a2

The first factor involving the exponential translates the resulting 1r

inversion In physical space so that each xj is replaced by x j-RedZ j(0,O)t.

The coordinate system in which the motion ia most conveniently described
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is one which is moving with non-dimensional velocity dZ 1(0,O) in each of

the xdirections. The factors 6 k 2-k k and k k become differential

i~~~~~ ij ij iJk2

operators on the inverse of the fntosdZi(kO)e '/ks and
dZ (k, O)e-k t/k 2. As will be shown later, for certain initial con-

ditions, the differential operators cause vortex and torus (or "smoke

ring") formation.

If Equations (13) and (15) are combined, the energy equation

becomes*

adQ + Y- k2 dQ *-iRck dZ (O,O)dQ-J(Y-l)Rck dZ (25)at P i. i

with solutiont

tt

dQ(k,t) = exp (_ ivt - 7 P k't) WQk,0)-i01-1) Rel'k dZ (kit')

exp[I+iVt' + Y4 k't'J dt1

where we have defined V by

V Rek UZ ~(0,)

From Equation (24) with the translating term as a factor we have

k dZ (k,t) =k d'Z (k, We~ ek (-iVt)

*Attempts to solve the continuity equation for density yielded integrals

which could not be evaluated analytically.
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so that

I-Y k't (Y-l)Rek dZ (k,O)
dQ(k0t) = exp(-iVt) dQ(k,O)e -i j

[exp - kit -xp p - V 1 kdt (26)

To insure compatible initial conditions of velocity and temper-iture

we use Equation (15) in the form

. dQ(k,o) = -- V - '•-- R iZ 2

ddZ 3(k, MtO) (kO) (7
. - [ H

substituting into Equation (26) we have for the spectrum of the temper-

ature function

dQ(k~t) RedZ (k,O) Px(it r- i(V1k+

~ 13

_kk2 t

2
Pr p- l(^/-1) kj e-lk2t

e 2 8

6 where Pr = /tn, the Prandtl number.

Again, the term exp(-iVt) indicates that a moving coordinate system

is the convenient frame of reference for a description of the temperature.

This will be inverted in a later section for a specific initial

velocity distribution,

The density function may be found directly from the temperature

function and the equatioai of state.
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The solution of tho homogeneous equations corresponds~ to the case

where the buoyant force term and the non-linear convective terms have

decayed to small values. This is characteristic of very late-time

conditions.

At earlier times when the buoyant force term is important, the

momentum and energy equations are coupled through this term as well as

through the non-liaear convective terms (which cause "dilution") and the

terms which correspond to adiabatic expansion.

The non-linear term causes reduction of the temperature by con-

vection of cooler air into the fireball which dilutes the hot air in the

original x-ray fireball. Studies of photographs indicate that this air

enters the fireball predominately at the bottom. This term can be

treated approximately by first considering that only velocities in the

upward direction convect significant amounts of air into the fireball.

The non-linear term is approximated by the following relation

80 80
vv -• - AO v

where v is the fireball rise velocity, A is the fraction of the riseR

velocity which is effective in convecting cooler air into the fireball,

and 0 is the change in 0 over a distance r 0 . When the convolution inte-

gral in Equation (13) is replaced and the other approximations are made,

we have

a-dQ +-ý k2 dQ + Re \ v dQ = -Re c dZ3  (29)

The linear set of equations which describe the case when buoyant

forces are important are

I + ks +iRek dZ (010) dZ = g dQ(P1 3 ) (30)
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+ 34 k2 + iRek dZ (O,O) dZk = g dQ (31)

+ k2 + Re X vR dQ -Re c dZ, (32)

where

v-i
C )1H

The rise velocity is assumed to be constant during this phase of the

motion which agrees with a large body of experimental data,

These equations may be solved by the methods described in Appendix A

of Reference 6.

QUA.NTITATIVE FEATURES OF THE SOLUTIONS

SOLUTIONS FOR THE VERY LATE-TIME MOTION AND TEMPERATURE

Selection of Initial Conditions

We assume that the initial motion can be represented by a single

component of velocity in the z (or x3) direction. The upward initial

velocity is assumed to follow a Gaussian distribution so that the initial

conditions are

v3(' 0) - v e er /4b v('O) v2(,) - 0

where V30 is the upward velocity at tho center and b is a parameter

governing the rate at which the velocity reduces toward the edge of the

fireball. The origin of the stationary coordinate system now requires

definition and is taken at the center of the fireball at t = 0. The
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quantities r and b are non-dimensional.* When r k 2V the velocity has

dropped by a factor of e below its value at the center of the fireball.

Transformation of the initial conditions gives

dZ3 (kO) - V3 0  7 1  e (34)

dZ3 (0, 0) M V3o(.0 (3t5)

The Velocity Field

The inversion of Equation (24) with the initial conditions specified

above in a frame of reference moving upward with non-dimensional velocity

v3O~/7r3/2in (see Appendix C, Ref. 6)

(,Z~t 3/VTv8  I( V2 r
v i ( t - v l 3 1) [ ( 63 r or f

+xBx o~rf 2~Tb](36)

The moving frame of reference Is introduced as a convenience result-

Ing from the factor exp loiRw k ts v(0,0)] in the original transform of the

velocity. The velocity itself is measured relative to a stationary

observer since the effect of the exponential factor is simply to replace

by x- ReZ d(0,,) in evaluating the magnitude of the velocity. Al

observer on the moving coordinate system will measure an upward velocity

which is less than the value given by Equation (38) by an amount

hNormall we will choose b qt1/4 so that the velocity hcn reduced by a

factor o whe r =b 1.

Sm
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Performing the differentiation the velocity in the x (i = 1,2)

direction is X'* I(° X3 1/
"(xt) a 2[, -i V T3 0 - T ( (37)

where

T(u) = ti urf'' t - 3u erf' u + 3 erf u

1 = 2Vtb

72= 2Nr4-t73+Ib

orf u = erf' u , erf' u = erf' u

The radial velocity in any horizontal plano is givcn by

Vp = (vi' +V22)1/2

2r V 3" 0, bý-p -b/2[ T (38)

where

P = (x 2 1/2

The velocity in the x3 direction is

+3(xt) -,V7i V[3 0-'./.t T) + L3- T (r

1 1
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whe re

S(u) = u erf' u - erf u

The functions T(u) and S(u) are displayed vs u in Table 1. Note

that as t 0C, T1 - 2 =T, and we have

v1 CO) = v2 (j,O) = 0 , t

v 3 (0,O) = -2v'7 v3 0 ba/2 er--I r Z t 0

The derivatives of the error function are

2 -u2err ' u = e

=4u -u2err'' 4u -u2

yielding

v3 (;,0) = v3 0 er
2/4b

The initial conditions have been recovered at t = 0.

The horizontal radial velocity vp given by Equation (38) is seen

to change signs as we move from above to below the origin of the moving

coordinate system. It is zero on the vertical axis and on the horizontal

plane through the moving origin. It rapidly approaches zero as r -0 .

The vertical velocity has a more complex dependence on time and the

space coordinates. In the moving frame of reference it is symmetrical

about the plane x3 = 0, positive near the vertical axis, and negative
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far from the axis for small values of time. As time increases it

reduces in value near the vertical axis and increases at values of P

which are increasingly large.

Table 1.

Numerical Values of the Functions .',and S'A"
U T(U) S(U)

0 0 0

0.1 3.84171 10- -7.46049 10-4
0.2 2.74908 10(-4 -5.87369 10-3

0.3 2.05179 10- 3  -1.92466 10-2

0.4 8.24533 10-3 -4.37742 10-2

0.5 2.36258 10-2 -8.11072 10-2

0.6 5.44369 10-2 -0.131509
0.7 0.107508 -0.193908
0.8 0.189068 -0.266111

0.9 0,303536 -0.345136
1.0 0.452562 -0.427592
1i1 0.634522 -0.510077
1.2 0.844559 -0.5895
1.4 1.31703 -0.729767
1.6 1.79576 -0.836782
1.8 2.21318 -0.909545
2.0 2.53129 -0.953988

2.2 2.74552 -0.978508
2.4 2.87403 -0.990778
2.6 2.94311 -0.996363
2.8 2.97654 -0.998681
3.0 2.99116 -0.99956

3.5 3.000 -1.000

Temperature Distribution

If we continue to employ an initial upward velocity which is a

Gaussian distribution in space about the center of the early fireball,

the temperature spectra is given by
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]I

dQ(k,t) = Re v 3 o(b/i)3/2 exp(-i Vt) - i Pr k3 + (^r• k

(rt+b) k2  -0~ t+b~ke Pr i'-1)k3 ] 3-4t~)k
2 1 - k2 (40)

[Pr 3

where Pr = L/17, the Praridtl numbor(•0.7 for air). The factor exp(-iVt)

translates the resulting inversion so that x3 is replaced by

X3 - RR" (Z 3 (0,0)t and again the coordinate system offering the greatest

utility is one moving upward with uniform non-dimensional velocity

Re dZ 3 (O,0) = Re v 3 0(b/w)a/2. If the spectra of temperature is inverted

and expressed in this system the result is (Appendix C, Ref. 6)

3/2 e Pr r 1 3 4
SV3 0• b R ^/H r erf /V T 4

[V• t+b Pr 3

erf t+b) r r ( 2)4t/3+b

Performing the differentiation yields

Pr 3)

[(1 -4_r) S(•) + (-_l) S(I_)] (42)
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where

TA =2J"it+b

7B 2f t+b

and, as before,

S(u) = u erf' u - erf u

If we let b = 1/4, the length scale is established such that the

initial velocity drops by a factor u at a distance r 0 from the '-ner

of the fireball.

To establish the velocity scale, let t 0, r -. 0 and note that

orf x -- 2x/VT, x small. This yields

2 30 RePr
YHTA

from Equation (42) for b = 1/4. Define 0 as the value of 0 at t = 0,
oc

r = 0 (at the center of the fireball) so that

2v 3 0 RePr
60 c = H

Substituting into Equation (42) to remove the Reynolds number,

velocity product

+ (vy-i) S(. T.I (43)
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Along the horizontal midplane x, 0 the temperature function is

0 " 20-• Ooc e rr

where we have taken Y = 1.4, Pr = 0.7 and P = (xla + X2 2)1/2.

For small values of P/Wi2t+i/4 the temperature for X3 =0 is

giving (using o0 =T/To)

T T

Note that To-is the temperature of the ambient atmosphere.

MOTION IN A VISCOUS, TRANSLATING VORTEX RING
(13)

Consider the motion found by Phillips for an incompressible

viscous vortex ring which is caused to translate by the non-linear

inertia terms as discussed in the preceding sections. His results are

for a stationary ring and an incompressible fluid. They can be obtained

from the results found here by dropping those parts of the solutions

involving (r/T 2 ) in Equation (38). We shall retain the translating term

in the spectra although it does not enter explicitly into the results

for velocity; it is simply understood that the coordinates are measured

from a moving frame of reference. We find for the moving torus

vp = 2T v 3 0  r/ 5  T) (44)
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V 3  -27 v 3 0 13/2 T (I-) + r- S (45)

where

7 1 2vt

Using Table 1 for the values of the functions T and S we find that

the development of the torus with time is as shown in Figurý 1. The

upward velocity in the plane x3 = n od the radial velocity in the plane

X3 = 1 are shown. The point P • 1.-.i is the smallest value of P for

which the velocity is downward. The radial motion of this point at which

the velocity is downward varies as P = 2ýT and the torus appears to be
(13)

developed by the time t • 0.1. The streamlines for this motion are

circles centered on the P axis at increasingly larger values of P as time

increases.

If initial conditions are chosen so that the fireball is initially

expanding then a component of irrotational velocity is introduced. The

motion then has streamlines which are spirals and the debris will tend

to be concentrated in the torus.

DISCUSSION

The velocity and temperature distributions and their spectra

obtained in the previous sections result from an extension of the theory

of turbulence for the final period of decay. The extension is brought

into the theory by including that part of the non-linear terms which

corresponds to coupling of the largest eddies with eddies of all other

sizes. The resulting linearization, which is carried out in wave-vector

space, has the effect of translating the space coordinates in the pre-

scription of the velocity and temperature in a wave-like manner depending

upon the velocity of the largest eddies in the initial motion. The

resulting translational velocity is to be identified with the rise
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vc1c u! 0hv iirebalil i the initial motion has only an upward

component. A convenient coordinate system for describing the motion and

temperature in the case of more general initial conditions is one which

is moving in the direction of the velocity of the largest eddies in the

initial motion.

The principal limitations of the solutions found in this paper may

be summarized as follows:

1. The influence of the non-linear terms is only partially
included. This does not allow the convective processes to

exert sufficient influence, particularly on the temperatura

distribution. For very late-time motion the error introduced

by linearization may be small., however.

2. When the buoyant force term is included the spectra become

difficult to Fourier transform because of the complicated
integrals involved.

3. The assumption of constant kinematic viscosity is a limiting
factor except at very late times.

The form of the solutions obtained in this report have suggested an

approach to the problem of fireball mixing involving the use of Hermite

functions. Employing a Gaussian distribution of upward velocity as the

initial condition, the solutions found are expressed in terms of the

error function and i10 derivatives. These derivatives, as well as the

initial conditions, iwr% be written as Hermite functions which have

several properties whufi;,ay be useful in obtaining solutions of the

fundamental equations. For example, the Fourier transform of a

Hormits function is also a Hermite function, convolution integrals in-

volving Hermite functions mAy be performed analytically, a series of

Hermite functions is capable of expressing a wide range of generalized

functions. (17)

Another alternative approach and one which is usually employed in

the general theory is to determine relationships among the various

statistical features of the dynamics, such as correlation coefficients,

but to include better approximations to the governing equations. Since
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no direct data exist. on correlation coefficients wilhin the fireball,

thc :spectru uf velocity and temperature were felt to be wore useful for

our purpose.
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LIST OF SYMBOLS

a velocity of sound

a(k) k 2 + I Re K dZ k(0,0)

b initial condition index

g acceleration of gravity

V ratio of specific heats

H scale height in the atmosphere

k Fourier mode index (modulus of wave vector)

11 thermal difiusivity

A entrainment parameter

kinematic viscosity

p pressure

Pr Prandtl number

ip pressure function (= ,n p/p 0 )

r radial coordinate in spherical system or typical length

Re Reynold's number

P density or radial coordinate in cylindrical system

dQ Fourier transform of temperature function

dS Fourier transform of density function

s density function (= in PIPo)

T absolute temperature
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t time

0 temnperaltLire function (=i n T/T )

v i-th component of velocity

Xt space coordinate In rectangular system

dZt Fourier spectrn of' I-th component of velocity

Subscripts

AD denotes aldiabvtIc expansion

D denotes dilution

k denotes component of the spectra of velocity along the wave
vector k

0 denotes reforence conditions far from the fireball, initial

cornditions or denotes typical values of velocity and length

in the flow field

oc denotes conditions at fireball center at t 0

i denotes vector component (1 1, 2, 3)

p denotes particular integral

s denoto: stabilization time

Superscripts

prime denotes dimensional variable

(t) denotes pIrt of velociLV spectra transverse to wave vector
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THE ENERGY CYCLE AND THE ENERGY
CASCADE OF THE ATOMIC CLOUD*

I. 0. Huebsch
U.S. Naval Radiological Defense Laboratory

San Francisco, California

ABSTRACT

The difficulties of calculating fluid motion and parti-

cle trajectories in the atomic cloud are so great that we
resign ourselves to a parcel-model description of the cloud.
Such a model specifies only average values of cloud tempera-
ture, rate of rise, turbulence intensity, particle concentra-
tion, etc., as functions of time.

In the present atomic cloud model,

(1) Turbulent energy is produced from kinetic energy

of rise by

(a) Eddy-viscous drag,

(b) Inelastic-collision, momentum-conserving

entrainment of ambient air.

(2) Turbulent energy is dissipated to heat at a rate
independent of fluid viscosity.

The model can be represented as an energy cycle between
kinetic energy of rise, turbulent kinetic energy, enthalpy
and potential energy.

Various results now follow from the cloud model and
turbulent similarity theory.

The energy associated with any eddy size in the turbu-

lent energy cascade can be specified.

If toroidal circulation is to be represented by a classi-
cal vortex ring superimposed on the parcel-model cloud, the
vortex ring cPn be considered the largest eddy in the turbu-
lent spectrum, containing a fixed fraction of the turbulent
energy.

*This work was sponsored by the Defense Atomic Support Agency
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Alternately, the cloud circulation, as a function of

time, can be calculated directly from the model adapting
Kelvin's theorem. This calculation does not require the
superimposed vortex. The resulting estimates of the circu-
lation are obtained without recourse to, but are in general
agreement with, measurements of atomic cloud films.

Attempts have been made to calculate the effect of
toroidal circulation on particle dispersion from the cloud
using laminar flow methods. This dispersion can instead be
represented as due to turbulent diffusion, using the calcu-
lated dissipation rate as the governing parameter. Diffusion
coefficients and concentration gradients are derived from
turbulent similarity theory. The resulting dispersion rate
is shown to be small compared with that due to gravitational
fallout rate indicating that dispersion induced by circulation
or turbulence can be ignored.
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1. INTRODUCTION

1.1 Background

One of the striking features of nuclear explosions is the vortex

ring and/or "toroidal circulation" in the rising, intensely turbulent

atomic cloud. It has been suggested that particles of different sizes

In the cloud follow the motion of the fluid circulation to different

extents, so that the circulation influences the dispersion of particles

from the cloud (by a sort of centrifuging process) and thus the distri-

bution of radioactive fallout in the air and on the ground. Calculation

of the fluid motion and of the particle trajectories by classical hydro-

dynamic methods presents both theoretical and computational difficulties,

not yet overcome. These difficulties arise largely from the turbulent

character of the flow in and around the cloud.

1.2 Objectives

The purposes of this paper are

1. To present a revision of a previously published(') entraining-

parcel model of the atomic cloud, allowing, as before, for transfer of

kinetic energy of cloud rise to turbulence by eddy-viscosity, and also

for

(a) additional transfer of kinetic energy of rise to turbu-
lence by the inelastic-collision, momentum-conserving
entrainment process, so that total energy is conserved,
and

(b) transfer of energy from turbulence to heat.

2. To discuss the energy cycle of the atomic cloud which is

implicit in this model.
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3m To discuss attempts to superimpose a classical vortex moiiu j vii

a parcel-method cloud, and to show how such attempts can at least be

made consistent with the energy balance of the cloud, and how cloud cir-
culation can be estimated without use of the superimposed vortex.

4. To show how the particle-dispersive effect attributed to fluid
circulation can be represented as due to turbulent diffusion consistent

with the parcel method, and to estimate the relative importance of dif-

fusive and gravitational dispersion of particles from the cloud.

1.3 Approach

The principal tool used in the present study is the revised ver-

sion (2) of the entraining-parcel model of the atomic cloud. This model

was originally developed for water-surface bursts but is also applicable

to air bursts, since in both cases, the mass fraction of condensed

matter is small. The model can further be applied to land-surface bursts

provided the mass and size distribution of condensed matter at start of

cloud rise are specified.

The present development of the original model is largely inspired

by turbulence theory, especially by the concept of the energy cascade

and the theory of local similarity, or similarity of small eddies. (3

Therefore, the relevant parts of turbulence theory are reviewed in this

report (See. 3).

2. MODELS OF THE ATOMIC CIOUD

Calculations of the behavior of the atomic cloud have been made by

a number of investigators using different approaches, often patterned

after studies of cumulus clouds or of the rise of hot gases from fires

and factory chimneys.
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Pon•ible models of cluud be2havlor can be divided Into those using

(1) local methods and (2) parcel methods.

2.1 Local Methods

In a "local" method, the flow conditions in the cloud and surrounding

atmosphere are described by a set of partial differential equations

(Navier-Stokes equations) giving local values of velocity, temperature,

etc., as functions of time. For numerical computation, the partial

differential equations are replaced by a set of ordinary differential

equations at each point of a grid or mesh of points covering the flow

region. Some beginnings using this treatment have been made(5,6) for

developing cumulus clouds, making the assumption that temperature dif-

ferences between cloud and atmosphere are small relative to absolute

temperature, and using an eddy viscosity in the Navier-Stokes equations.

The values of velocity, etc., computed represent time averages, not the

instantaneous values which are subject to turbulunt fluctuations.

Eddy-viscosity is needed in the equations used for computation be-

cause molecular viscosity (ordinary viscosity) operates to convert the

energy of only the smallest eddies of a turbulent flow into heat. It can

be shown (see for instance, Section 3.1.5) that the ratio of the size of

the smallest eddies, A., to the overall flow dimensions, I, for one-

dimensional flow, is

X0 p0 -3/4

wbhre Re is the Reynolds number of the flow. Such a flow could be

pictured as contain~ng a row of I/Ao such eddies, (on which are super-

imposed larger eddies) and so having teWý4 degrees of freedom. Then the

mesh for a two-dimensional calculation must have Re3/2 points, so that

numerical computation is out of the question when Re is large. The eddy

viscosity is used to blur together small eddies, and thus reduce the
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ntimber nf degrees of freedom of the flow problem, and the required number

of mesh points, to where numerical computation is possible.

No local-method computation has yet been carried out for atomic

clouds. Even for cumulus clouds, the original two-dimensional array of

mesh points (in an axisymmetric finite-difforence calculation) is rapidly

distorted. For atomic clouds, this distortion would be accompanied by

extreme temperature gradients, so that heat conduction could not be

neglected. Presumably, an eddy conductivity would be required as well as

eddy viscosity. Altogether, one is inclined to question the use of eddy

transport coefficients, to calculate mean local conditions at the ex-

tremely high Reynolds numbers (101°) of these intensely turbulent flows.

In any case, the uttempt has not yet been made.

2.2 Parcel Methods

In a parcel method, the cloud is treated as a whole, ns if all parts

of it had the same properties. Temperature, velocity, etc., are repre-

sented by average values for the whole cloud. Pressure is taken as equal

to ambient pressure at the altitude of the center of the cloud. Thus a

parcel method is a simple, cheap substitute for a local method. But it

is far more amenable to numerical computation. And with a few enlightened

assumptions, a parcel method can give a wide variety of information, in-

cluding an estimate of particle dispersion by toroidal circulation (simu-

lated by turbulent diffusion, see Sec. 5).

2.3 The TR-741 Atomic Cloud Model, Revised

An atomic cloud model, using an entraining parcel method has been

developed at this Laboratory.(1) This model, (referred to as the TR-741

model) was particularly designed for sea-water-surface nuclear explosions.

The model treats the cloud gas as a mixture of air and water vapor and

allows for the release of latent heat by water vapor condensation. The

key assumptions in this model are:
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1. The effective rate of flow of ambient air into the cloud
(entrainment) per unit surface area is equal to the product of
a constant, ,\, a characturimLic velocily, v, and the ratio of
cloud donsit.y to ambient density, PI/PC

2. Cloud rise is retarded by both entrainment and an apparent eddy-
viscous force, directly proportional to the same characteristic
velocity and in'-.,rsely proportional to the density ratio. (This

is formally equivalent to a drag coefficient.)

3. The kinetic energy of rise corresponding to the momentum lost by
eddy viscosity iti converted into kinetic energy of turbulence,
which remains in the cloud.

4. The characteristic velocity, v, is the greater of absolute rate
of cloud rise, u, and average velocity of turbulence, V2E. Thus
entrainment does not necessarily end when cloud rise ends, but
continues as a turbulent diffusion.

5. In accelerating from rest to its maximum velocity, the cloud
must set in motion a volume of ambient air equal to one half the

initial cloud volume. Because of this "virtual mass" the accel--
oration is always less than twice that of gravity.

No provision was made in this model for transformation of turbulent

energy into heat. Not only does such transformation actually tat:e place,

but also it may affect the formation of fallout particles through the
(4)

mechanism of turbulent coagulation. The rate of this transformation,

the so-called "dissipation rate," 6, is found both theoretically and ex-

perimentally to be proportional to the cube of a large scale turbulent

velocity divided by a large scale length, Z (see Section 3, Turbulence).

Therefore, we now add one assumption to the cloud model.

6. Turbulent energy is dissipated at a rate proportional to itU-
cube of the average velocity of turbulence divided by a char-
acteristic length. The average velocity of turbulence is
defined as V where E is the turbulent energy per unit mass.
The characteristic length used is the vertical radius of the
cloud.

It was not previously noted that in entrainment of stationary ambient

air with conservation of momentum, kinetic energy is lost, i.e., entrain-

ment is an inelastic-collision process. The proof is as follows:
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4.

The rate of change of cloud momentum per unit mogs, u, (,P.,

velocity) with time, t, due to entrainment, is

di = -u 1 dm (2.3.1)
dt mdt

The corresponding change in kinetic energy per unit mass is

du d(u 2 /2) .2 9 \ 1 dm
u -( = dt - • - (2.3.2)

whereas, if total kinetic energy is conserved, then for a small change in

velocity and mass

1 2

mu = (m+dm) (u+du) 2

d(u2/2) u2 1 dm
d/ = r _ 1 (2.3.3)
dt 2 m dt

Entrainment, then, results in a loss of total kinetic energy, at a

u2 1 dm
rate, per unit mass, of r - t- . The law of conservation of total energy

and the concept of turbulent energy already used suggest the following

assumption:

7. The kinetic energy of rise lost in the inelastic-collision,

momentum-conserving entrainment process, remains in the cloud

as turbulent energy.

A simplified version of the essential equations is given below,

neglecting the effects of the 2-gas mixture, latent heat release, initial

virtual mass and condensed-water mass fraction of the cloud. These

effects are considered in the full set of equations used in computation.

(See Refs. 1 and 2.)
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MaI 1dm = I di S (2.3 .4)
m dt V v

where m = mass

t = time

S = cloud surface area

V = cloud volume

A= dimensionless entrainment constant

v = characteristic velocity of entra.tnment

Mt dii TV dt25

e

where u = rate of rise

T = cloud temperature vc
T e= environment temperature

I g = acceleration of gravity •

k2 = dimensionless Irag or eddy viscosity constant ,

2 = a characteristic length of the cloud

Sft _ _ T u dT- + 236)••

Temperature: . =- u -((T-Te "• I- d6)
dt c Tr e m dt c

p e p ,'•I

where c = specific heat of air

Turbulent kinetic energy density:

dE 2 kTvU + u 2  E 1d (2.3.7)
d"t T +2 It dt m dt

where E turbulent energy per unit mass
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The term coipensates for the loss of kinetic energy or risO in

entrainment (assumption 7). Thus, some turbulent energy is produced even

in the absence of eddy viscosity, i.e., even if k2 = 0.

4 Environment temperature, T is a specified function of height, z,

which is given by

dzu = d"(2..8

V •Dissipation rate is given by

S&= k3 (2E)3/2/X (2.3.9)

where k3 is a dimensionless constant.

4 Cloud form is a sphere (initially tangent to sea level, say in the

4 case of a surface burst) until the top (not the center, as in TR-741)

reaches the tropopause and a horizontally expanding spheroid thereafter.
S4

The vertical radius of the spiieroid is fixed as the sphere's radius at

4 the tropopause. The cloud volume and surface area can then be calculated

from the perfect gas law using the assumption of pressure equilibrium.

The model actually uses a differential equ-tion for volume, so that the

gas law is available as a cross-check.

, •'The characteristic length, 2, is taken as the (vertical) radius of

the cloud. The characteristic velocity, v, is taken as max (IuI,vE ).

The equations have been programmed for machine computation, and the

computations givc predictions for rate of rise, cloud size, final cloud

4 '• height and the late horizontal expansion of high yield clouds, in general

agreement with observations of atomic clouds. Late horizontal expansion

had not previously been predicted by a cloud model.

In this paper, numerical examples are based on the results of compu-

tations for two standard cases, namely 20 KT and 5 MT sea surface bursts
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in a tropical atmosphere. The computer printouts are given in Rcf. 2.

Since the exact numerical values do not affect the discussion in the

remainder of this paper only some representative results are given here.

Figure 2.1 gives cloud size and height vs time for the two yields men-

tioned. The time and height at which water vapor condensation begins is

indicated. Figure 2.2 gives turbulent energy dissipation rate per unit

mass, 6 , in m2/sec 3 , i.e., watts/kg, for the two cases mentioned and also

for a 0.1 KT burst.

2.4 The Energy Cycle of the Atomic Cloud

If the momentum equation (2.3.5) is multiplied by u, the temperature

equation (2.3.6) by c and the height equation (2.3.8) by g, then withP

the turbulent energy equation (2.3.7) they form a set of ,ur energy

equations whose terms have the indicated meanings.

Kinetic energy, 1E

du 2 /2
dt

loss to PE eddy-viscous inelastic- dilution
gain i.e., work done loss to collision loss by

from H lifting cloud turbulence to turbulence entrainment

T v u 2  u1 dm u 1 dm
T gu gu -2k2 -T 2 Ft--_ t-- (2.4.1)

e e

Enthalpy, H

loss gain from TE dilution
to i.e., dissipation, by
KE viscous heating entrainment

dT dH T + T (2E)3/2 c (T-T 1 dm (2.4.2)
pdT dt T P emdt

e
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4.

A Turhii1,nt energy, TE

gain from gain from KE by dilution
KE by inelastic-collision dissipation by

eddy viscosity entrainment loss to H entrainment

dE = 2k2 v T u2 + a dm (2E)3/2 E 1 dmi

d" 7•2  -+ 2 F dt -ka_ m E (2.4.3)
e

Potential energy, PE

gain
from

g -= gu (2.4.4)

Kinetic energy here means energy of directed motion of the cloud, u 2 /2,

turbulent energy, E, is actually kinetic energy of randomly moving lumps

of fluid within the cloud. See Sec. 3.1.1. Adding the four equations

gives an equation for total energy per unit mass

d (u'/2 + c T + E + gz) - (u 2/2 + c (T-T ) + E) (2.4.5)
dt p mdt p e

The dimensionless constants k2 and k3 do not appear in the total energy

equation; they only affect the rate of transfer between different forms

of energy.

The present cloud model, then, is based on conservation of mass and

energy, and the equations for velocity (or momentum or kinetic energy),

temperature (or enthalpy), turbulent energy and height can be considered

merely rules for energy transformation. These rules imply an energy

cycle which may be diagrammed as follows. The heavier arrows indicate

the usual direction of transfer (when T > T and u 0)

e
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Kinetic
Energy

Potential TEnbrey
(Gravitational) Turbulent

Energy Energy

Enthalpy

The energy flow through turbulence is always in the same direction; this

part of the cycle is intrinsically irreversible. The novelty in this

model is the use of turbulence as a delay line between kinetic energy of

rise and heat. Although momentum is lost by drag or eddy viscosity,

kinetic energy is pot lost but rather transformed.

Because of entrainment, the cloud cannot be treated as a closed

system, with constant total energy per unit mass, except under special

atmospheric conditions. To examine change in total cloud energy (not per

unit mass) all mass should be referred to the same datum, although the

mass was entrained at different altitudes and temperatures (at different

potential energies and enthalpies). As a datum, we use sea level, z a 0,

with the corresponding ambient temperature, T = T
e eo

Multiplying Equation (2.4.5) by m and rearranging terms, the rate of

change of total energy relative to this datum is

d [m(uf/2 + c(T-T ) +E+gz)] [(Te + gz/cp)-T] Cp (-.4.6)

Now T + gz/c is the potential temperature of the atmosphere at altitude
e pz, (the temperature air at the given altitude would have if compressed

adiabatically to sea level pressure), so that total cloud energy, referred

to sea level, increases with altitude in proportion to the excess of

potential temperature over sea level temperature. We can now sketch a

total-energy cycle for the cloud, referred to the sea level datum. (See

Fig. 2.3.)
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In an padjtirp)ni nimnsphero (one in which potential temperature does

not vary with altitude), we have

T = T - gz/cU 00 p

so that, substituting in Equation (2.4.6),

d [m(u2'/2 + E + c (T-Te) + gz)] : 0 (2.4.7)

i.e., total energy, referred to sea level, is constant.

3. TURBULENCE IN THE ATOMIC CLOUD

3.1 Theoretical Background

Turbulent motion of a fluid has by definition a fluctuating, random

nature in time and space. This nature has suggested Fourier analysis of

velocity components (and other fluctuating properties) into a spectrum of

motions of various length scales, or "eddy sizes." We shall be concerned

mostly with small eddies,*

3.1.1 The Energy Cascade

The kinetic energy of a large scale, intensely turbulent flow is

supposed to be transmitted from the overall flow to the largest eddies

(turbulent motions) and through a cascade of successively smaller eddies*

to an approximate minimum eddy size, and finally, to be dissipated by

viscosity to heat (molecular motions). This idea dates back at least to

L. F. Richardson, c.1920. The cascade piqture suggests that eddies suf-

ficiently far along the cascade may be independent of large-scale flow

conditions, and leads to the equilibrium hypothesis. (See next section.)

*'Small eddy' is used. . .as a concise term for a Fourier component
belonging to g small length scale, or large wave number.(3
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3.1.2 The Equilibrium Hypothesis

Miring the transfer of u'nergy to smaller and smaller eddies, the

direction of motion becomes random and the concentration of energy inl

particular eddy sizes (wave lengths) is smoothed out by transfer to

neighboring sizes. Information on eddy orientation is lost during energy

transmission, so to speak. Thus, small scale turbulence is homogene1ous

and isotropic even though the largest, eddies (such as the vortex ring of

an atomic cloud) are not. The motions at different small length scales

are similar in the sense that they differ only by scale factors which arI

independent of large scale flow conditions. Eddies of these sizes are

said to be in the equilibrium range. This is "Kolmogorov's hypothesis":
"the small scale components of turbulence are approximately in statistical

equilibrium. "'(3) Equivalent names for this hypothesis are: theory of

local similarity, " of "universal equilibrium," or of "similarity of

small eddies." Kolmogorov's hypothesis applies only to very high Reynolds-

number flows (Re >"106) such as a rising atomic cloud.

While sufficiently small eddies are independent of large scale flow,

all except very small eddies are independent of fluid viscosity. This

latter independence leads to the principle of Reynolds-numbor similarity

(Ref. 5, Sec, 5.4):

"Geometrically similar flows are similar at all sufficiently high
Reynolds numbers. The aspects of the motion that are excluded from
the similarity are quite simply those that occur at low Roynolds
nulmbers, i ., , those in which viscous forces are comparable with
iner tial and pressure forces."

This principle is applied in the cloud model, for insitance, in the choice

of characteristic length involved in momentum and energy transfer. This

length is scaled to cloud size, independent of fluid viscosity. It is

used again in developing a theory of turbulent-difftusive dispersion of

particles from the cloud. (See. 5.) Note that the principle of Reynolds-

number similarity is a statement about large-scale conditions, while that

of local similarity is a statement about small-scale conditions.
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Thv( uq i i i h r uni range of t hle eddy spect run Is III dis inidun l dI I ,vtI rail

flow lim ensions aind thus of vnurgy ilipult I)."i by large edli at Io11' end oif
(6)

the spectruim. FurthItermrore, for extIromel1 1arge Re yno ls numtlciv (s as ill

atomic cloud turbulencel , the largor-eddy part of this equilibriurm range,

called thu "inertial sub-range' (3) is also lildupendent of vi scou.s dissi-

pation by the smallest eddi es (the "dissipation range") at thle other ncld

of the spectrum. The existence of tht "Inert ial range" or "suh-range" is

somet tims cal led "Ko mogorov s second hypot hI.is .s." imns ional analy-

sis, applied to the inertial and dissipatiton ranges, predicts thu velocity,

energy, etc., at each wave length, A, or wave number, k, (rec iprocal of

wave length). See Sec. 3.1.3.

For a lutasi-steady iluLid flow, the rate of energy dissipation per

tuni t mass, e , by the smallest eddies, is equal to the rate of energy

transmission through the spectrum from the large eddies, (,nergy-input)

to the smallest, dissipative eddies. That is, if k is an eddy size much

smaller than the maximurm flow dlimunsions, and somewhat larger than the

minimum eddy size, Ao0 then the rate of energy transmission past A. is

equal to 6 . (The size range of X might be about 1 0A < A :- P/1O, but see

Sec. 3.1.4.) A quasi-steady fluid flow is one in which the response time

of the energy spectrum at a given small-eddy wave number is small compared
with the time scale of changes in the overall flow.

The dissipation rate, 6 , is determined by large-scale flow conditions,

although it is the smallest eddies which actually dissipate kinetic energy

to heat. At this largest scale of the flow, the Reynolds number is ex-

tremely large and viscosity is of negligible importance. Then, using

dimensional analysis, 6 must have the form

where u and , are a large scale velocity and length, respectively, since

these are the only large scale quantities out of which a dissipation rate
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(power per unit mass, or length 2/time 3 ) can be formed. Here and later,

the symbol -, means "proportional to and of the order of' magnitude of."

Writing

C U3 /2 t UJ

it is seen that iu has the dimensions of kinematic viscosity, and u/1 has

the dimensions of shear. Just as molecular kinematic viscosity is pro-

portional to the product of molecIlar speed and mean free path, an eddy

viscosity can be defined:

Vturb u x

Then we can write

jVturb (UMl

in analogy to the dissipation rate in laminar viscous flow, whose form is

where y is a coordinate perpendicular to u.

3.1.3 Small Scale Turbulence Parameters

The smallest eddy size, \o, the "Kolmogorov microscale," can depend

only on (molecular) kinematic viscosity and on e, so that again by dimen-

sional analysis,

A0 ' (v3/e ) /,•,

(The constant of proportionality in these relations is usually of order

unity.) Thus, the microscale is only weakly dk-pendent (to the -1/4 powex

on dissipation rate. It is typically of order 1 mm in severe atmospheri,

storms, where e - u 3 /1 _lO
3 cm 2/sec 3 or exceptiona]ly, 6 _ 104 (see for

instance, Ref, 7). Even if C 106 or 107, as seems possible in a
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11egaton atomic cloud, (see Fig. 2.2) v is nlot mu1ch less - say .3 111m

300 A, since at tihL high I emperat t.re and/Or low Ofensit el at(ltl i CI oth•dS

the valuu of I, will 1e gruat er than at. stand ard tempejratu re anld p)re(--HSl-.

(See Sec. 3.2.3). Further predictions of claracteristic cluantiI t i•s inn

the inertial and dissipation raggos are readily derived (as in Refs. 4 C

andi 8) and are listed here (Table 3.1).

3.1.4 Approximations to the Energy Spectrum

It. has been suggosted(9) that for very high Reynolds numbors the

inertial range ctn he extended over the oentire spectrum, from the largest 2'

wave lengths, i, to the microscalo, A

3.1.5 The Degreos of Freedom of a Turbulent Flow

Associated with any erdv size, A, there is a "spectral Reynolds

number" Re, = XAN

From Table 3.1, substituting e ý O/C,

l/ A4 / 3  u~ \/A' 3  4 /A" 3

Re A '7 Re

where Re refers to the overall flow. Since for A = A., ReX = 1, the ratio 14

of size of largost to smallest eddies is of order Re/,..

Taking the largest eddies as of nearly the same size as the overall

flow, there are then Re 3 /! independent microscale eddies, or degrees ofi

freedom. In a three dimensional flow there are then Rep/4 independent

eddies, or degrees of freedom. This suggests tho problem.; associated

with numerical computation of turbulent flows. (See Sec. 2.1.)

3.2 Estimates of Atomic Cloud Turbulunce

In this discussion, reference is made to the ievised TR-741 cloud

model for numerical estimates of characteristics of explosion clouds.

1,4
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3.2.1 Scales and Reynolds Numbers

As a large scale characteristic length for calculating Reynolds

number we use cloud diameter. The size of the largest eddies (such as

the vortex ring cross section), used as a length scale for energy dis-

sipation rate, 6- u3 /A, is less than this diameter, but we assume that

I is a conatant fraction of cloud diameter. For the corresponding

characteristic velocity, u, we use the "velocity of turbulence," V2q-.

Xn the early part of cloud rise (up to about 60 sec. for 5 MT), the

cloud is much hotter than the environment. This leads to different values

for "external" and "internal" Reynolds numbers.

UIP UIPR •e R,•
Rext JA R int

e

Here, u and X are appropriate velocity and length scales. Since, for a

perfect gas

ST eA(R ext

and " then 3/ 2

Xt is atnt that is of interest in cloud turbulence. Although eal.--

culated turbulence velocities are high - of the same order atý .. f

rise - the Mach number of turbulence is (even for a 5 MT shot) *V m'o.re

than 1/3 because of the higher speed of sound in the hot cloud C- i..

the cold environment. Thus, compressible-flow effects can be ne,.Icted.

3.2.2 The Turbulent Spectrum of the Cloud

Since atomic-cloud Reynolds numbers are extremely high (for a 5 MT

cloud, Re - 1010 from 30 to 600 sec. after burst) one car, certainly assume

homogeneity and isotropy of small eddies. Homogeneity is also consistent

with the "parcel" cloud method. Because of the high Reynolds number we
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car also, with some confidence, extend the inertial range to nearly th,

entire spectrum from the microscale to almost the largest eddies.

(Sec. 3.1.4.)

Because the atomic cloud is not in a steady state, there is difficulty

in defining the dissipation rate, , The rate of "loss" (dilution) of

energy per unit mass due to entrainment may be larger than viscous loss

(i.e., f &m > ), and the flux of energy from its source in the large
m dt

eddies to the viscous sink is actually neither indeperdent of time nor of

eddy size. Nevertheless, we propose to neglect any distorting effect of

entrainment on the spectrum and estimate turbulence parameters quasi-

statically at each time of interest on the basis of E and Z. That is, we

treat the turbulence as "quasi-steady" as defined in Sec. 3.1. This

treatment is justified if the characteristic time of change of E, say

[ • •" is much greater than the "local transfer time" (9) of energy

flow through the spectrum, (k) = [k3e(k)]-1/2.

There are several possible choices for dE
dt*

(1) the total derivative (net rate of change) of E. This cannot
be used at some early times, (for instance, near 22 sec. in
Table 2.1) as it is nearly zero because increase of E by
generation of turbulence and decrease by dissipation and
entrainment nearly cancel;

T v u• 1dm U2
(2) the generation rate, 2k2 T•= 7 + m dt 2

(2E)3/2
(3) the dissipation rate, 6 = k3

The characteristic time ( ] , calculated using each of these
dE

choices for y-, has been compared with the local transfer time, for the

5 MT cloud computation. For the local transfer time, T, we use a char-

acteristic time based on similarity theory (Table 3.1). 7 T C&k•)-1/2 =

(X2/C) 1/3

It is found that for typical inertial-range wavelengths (up to 10

meters), T is much smaller than [- so that the equilibrium treatment
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of small scale turbulence is justified for the atomic cloud. We might

say that if the local transfer time is small compared with the charactvr-

istic time, turbulent energy is flowing through the eddy spectrum like an

incompressible fluid.

4. VORTEX MOTION IN THE CLOUD

Pictures of atomic clouds often show a vortex ring of hot incandes-

cent gas within the rising cloud and also, even at later times when the

gas is no longer incandescent, a general toroidal circulation of the

cloud boundary. These phenomena appear more clearly in air bursts than

surface blasts. Surface material in and around the cloud may diminish

their visibility or actually interfere with their occurrence, say by mass

loading of the circulating gas. We will generally refer to these phenomena

as "toroidal circulation," restricting "vortex ring" to its classical

hydrodynamic meaning. The reasons for interest in the circulation are

(1) that it may affect cloud rise and expansion and especially (2) its

effect on particle dispersion from the cloud.

4.1 The Pasted Vortex

Atomic cloud vortex models proposed to date consist of an assumed

classical vortex flow superimposed, or "pasted," on a parcel method cloud,

without regard even to conservation of energy, much less to whether the

resulting "pseudo-local" velocities satisfy the time-averaged Navier-

Stokes equations. Since the streamlines thus drawn in the cloud are

intended to represent average flow directions in the intensely turbulent

cloud, the time of averaging must be long compared with cloud rise. The

time of averaging then, should be just shorter than the periods of the

la:gest eddies, i.e., of the vortex ring. Actually, the local velocities

cai, represent only one solution to the equation of motion, that for steady

motion in an infinite homogeneous, non-viscous, incompressible medium; the

vortex, however, is being superimposed on radically different conditions.
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If the pasted vortex is to be used, it is necessary to specify first

the vortex form and then its numerical parameters. The two extremes of
(10)vortex structure are Hill's spherical vortex, in which the entire

moving spherical fluid body is the vortex, and a thin ring vortex, which

constitutes only a small part of the traveling fluid volume. The use of
(11)

Hill's vortex has been suggested for cumulus cloud elements. Obser-

vations of atomic clouds indicate that the thin ring is more appropriate

than the spherical vortex, (and that early in cloud rise, the ring cross-

section radius is not. more than 1/10 of the cloud radius).

Given the general ring vortex form, its numerical parameters can be

obtained either empirically or theoretically. The flow is completely

determined by specifying ring radius, vortex core cross-section radius,

and circulation (line integral of velocity around a closed circuit through

the ring). If cross-section radius is very small, i.e., a thin ring

vortex, then local velocities outside the core are completely determined

by ring radius and circulation. Alternatively, a number of local values

of velocity can be used to determine the vortex parameters and the flow

structure.

4.1.1 Specification of Vortex Parameters by the Cloud Model.

The vortex ring is certainly the largest, most permanent eddy in the

turbulent atomic cloud. In fact, the vortex ring might be pictured as

the flywheel maintaining the cascade of energy to smaller eddies in the

turbulent spectrum (see, for instance, Hinze,(6) Sec. 3.5) even after the

end of cloud rise, when no more energy is supplied to turbulence. This

energy supply picture is compatible with the late horizontal cloud ex-

pansion. Now we propose that the transfer of energy from mean motion to

turbulence begins with the generation of the vortex, and that the vortex

ring be allocated a fixed fraction of the total turbulent energy density

E, say 0.2' or 0.253. This proposal is suggested by Hinze's statement: (6)
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"In the fully developed state it is not the largest eddies that will
have the maximum kinetic energy, but the eddies in a higher-wave
number range. The range of the energy spectrum where the eddies
make the main contribution to the total kinetic energy of turbulence
will be called the range of the energy-containing eddies ...
Though the more permanent largest eddies contain much less energy
than the energy-containing eddies, their energy is by no means
negligibly small and may still amount to as much as 20 percent of
the total kinetic energy."

We can now outline a procedure for specifying vortex parameters using

our cloud model. Our three input parameters will be rate of cloud rise,

u, cloud radius, r, and rotational (vortex) energy, 0.2mE, where m is

cloud mass.

The total energy of a thin-ring vortex flow is(10)

K2 pZD /
T a n 0 (4.1)

Here we use Lamb's notation: K is circulation, I is the radius0
.)f the vortex ring, a is the cross-section (vortex core) radius.

This energy consists, (we suppose) of kinetic energy of rise of the
1

cloud, 2 mu2 , and rotational energy, 0.2mE. Then the energy equation

becomes

1 mu2 + O.2mE = P n(4.2)
2 a 4(42

The velocity of translation of the vortex is

u 4oo1
K I-w n---- (4.3)

The radius of the cloud is related to the radil.s of the vortex ring
(10)

by the fact that the stream function equals zero at the boundary of

the "cloud," that is, at the boundary of the fluid which is carried along
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with the vortex ring. This relation gives a third equation (L(mbý10)

Sec. 161, Equation 11) so that K, a, and 7 can be found. The algebra
0

of the solution is involved and only numerical solutions for K, a, and

9 can be obtained explicitly. In any case, for a thin ring the stream
0

function can be given in terms of K, 0 and u, without using a, which
0

does not affect velocities outside the core.

For purposes of illustration, we take a simplified case. Set • =
o

3/5 r as indicated by Figure 3 of Reference 12. Treat the cloud as

spherical, so that P = m/(! 7 r 3 ) and drop the second term in parenthesis
3

in Equations (4.2) and (4.3) since 0 >>a. Then, dividing the energy
0

equation (4.2) by the velocity equation (4.3) and substituting the given

values of w and P,
0

u 2/2 + 0.2E
K = 1.85r (4.4)

U

Until nearly the end of cloud rise, u 2 /2>0.2E so that approximately

K = ru (4.5)

This result(13) can be obtained directly by dimensional analysis: if K

depends only on r and u, it must have the form of Equation (4.5).

Values of circulation calculated from Equations (4.4) and (4.5) for

our standard 20 KT case are rather lower at early times (5 to 10 sec)
(12, 14)

than comparable values estimated from cloud films. Now, at very

early times, ambient air is several times as dense as the cloud and circu-

lation is changing rapidly, so that the use of classical vortex theory is

on especially shaky ground. However, it is reasonable that if circu-

lation is due to the drag of the ambient air on the cloud, it should be

proportional to the density ratio Pe IP = T/T e, like the eddy-viscous

momentum loss rate in the momentum equation (Sec. 2.3). An appropriate

formula would then be

157



ruT/T (4.6)

No theoretical consistency with Equations (4.1) -(4.3) can be claimed

for Equation (4.6): the latter is offered as an intuitive val,--) for

circulation in a situation where att~empts Lo use formulas f.-.ni classical

vorteX theory scern particularly remote from reality.

Table 4.1 gives values of x calculated from Equations (4.4), (4.5),

and (4.6), for several times of interest using data from our standard

20 KT and 5 MT computations. The values art, of the same order of magni-

tude as the widely scattered estimates from cloud films (12,14) whiichi arc

[I, for different yields andi generally earlier times. Our conclusion is that
if one wishes to superimpose an assmzind vortex ring on a parcel-method

cloud model, one may as well derive vortex parameters frŽ-m the model

itself as from film observations. Not only is laborious film measurement

avoided, but, at least for Equations (4.4) and (4.5), the vortex velocity

and energy are now *compatible with those of the cloud.

4.2 Use of Kelvi~iis Theorem to Estimate Rate of Change of Cloud
Ci rculat ion

The equations for the classical vortex ring are derived assuming

steady incompressible flow. Under such circumstances, circulation is

constant, hence it is illogical to claim that the rate of change of

circulation can be obtained by differentiating E~quation (4.4) or (4,5).
dl'

An expression foi- rate of change of circulationx Tt,. can be obtained more

consistently from a consequence of Kelvin's eqLation.

di' _ t -V - x. d ý (4.7)

IThe symbol r is used hiere for circulation to confor v with Ref . 15,
while in Section -1,1 the symbol K was usod to conform with Ref. 10.
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I'
where v is velocity, a i:r acceleration, dx is a line elemn. and th,_

integral is taken around a circuit moving with the fluid, i.e., con-

sistlng of the same fluid particles. Writing the equation of motion

as

-* 1
a =- Vp

the rate of change of circulation around the circuit is

-' = - § dp (4.8)

To calculate cloud circulation, we take a rectangular circuit in

a vertical plane through the cloud axis. As indicated in the following

diagram, the circuit extends vertically from below the bottom to above

the top of the cloud, and horizontally from the axis to well out in the

ambient air.

Now dp is zero along the horizontal parts of the circuit. Furthermore,

the parts of the upward vertical path outside the cloud are exactly

cancelled by the corresponding parts of the downward path at the same

altitudes so that the only possible non-zero contribution to the line

integral is from the remaining vertical parts, i.e., between the top
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aniR bottom of the clOud , a (i.stance ý•. 2r. On vach of t hese two

vertical parts, take an average value of specific VOiL11t1L, naiiely, I/j

inside and i/p)V outside the cloud, and using the hydrostatic law, re-

place dp by -pUgdz. On the upward path, the change in p is then

-Ie- jz = -2/Q gr and similarly on thu downward path (pressures inside

and outside bclug equal) so that

-- g PL gI 2ig j7

(it 2P

Note that tLhe cloud need not be spherical; it is only its vertical ox-

tent, 2r, that matters

Th, foregoing deirval on makes no allowance for decreaso of Cirl'CL-

lation due to (I) eddy viscosity or (2) entirainment. Inclusion of

these two effects violates, respectively, the (I) ideal-fluid and (2)

closed-streawlino assumptions of Kelvin's thonremt. Nevertheless, we

offer a way to allow for those effects on circulation. Substitute in

Equation (4,7) the value of acceleration given by the momentum Equa-

tion (2.3.5) and integrate around the same circuit as before. The

entrainment rate is taken at zero on the part of the circuit outside

the cloud. The resulting rate of clhange of circulation is

[P / 1\ 2k V Iin
d- 2r t -- u(4,10)

dt.i

The first term in the brackets on the right side of this equation is

the ideal-fluid term, corresponding to Equation (4.9). The second and

third terms represent the effect of eddy-viscosity and ontrainment

respectively. In this heuristic derivation, it suems a worse abuse of

hydrodynamic theory to introduce ontraininont across stroami•ies than
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eddy viscosity. Figure 4.1 give. numerical values of circulation from

LI 1 hnnd .nl( tegrati1n of Equation .10 with and without tile entrainment

• tvrm, using data from our standard 20 KT and 5 MT computatlions.

! ,•. •It Is seen in Fig. 4.1 tlht circulation attains nearly its maximum

.'+ value early in cloud rise, at about the time of maximum rate of rise.

" " The time of rapid increase in circulation can be associated with the

" fo-mation of a vortex ring from :1he initial spherical cloud. This

I%•t picture is reinforced if tile entrainment term is omitted - no entrained

S}'A h(• mass Crcrsses 11hk surface of the initial cloud even though this surface

is (ht'1lonil(,d froll s phure to toroid.

". , The Valules O. cirtculation are somewhat larger than those obtained

with the pasted vortex" (Table 4.1). Since the present "Kelvin"

}' i met hod of calculating circulation requires neither any particular,

i•'- 4 nassulned vortex form, nor steady-state flow, it is more consistent with

•' 1 the physical co01dit ions of the atomic cloud. The resulting values of

' •f cir','lat'on thereforc inspire somewhat more confidence than those in

ra' ble .1. 1.

k. 5. TURBULENT DIFFUSION OF PARTICLES

"It particles escape from the atomic cloud by' centrifugal force as

p.t. well as gravity, due to "centrifugal throwout" from the toroidal circu-

, lulion )'I thu fluid, then ill.', concentration of those particles, immedi-

atuld :Ifter leavilng the Cloud, would vary With distance from tile axis

(itI hit rising cloud . Their (list ribution, projected on Lho ground,

:'-.t "• would increase withi d(ittince from tihe projected cloud center, while if

":v,• • particles e:,capud under gravity alone, tile (distribut ion would be nearly

•itiorini ovet, the projeoctd c cloud rea,. The intense ttlrbulence of the

clodd stggest s Irentinjg allny lon-gravitational dispersion of particles

t I " as a turbulut)t di.ftusion. flow do particles really get out of tile

q6 cloud? Perhaps thli qtlisttoll is mlleanillgless. We propose to tuse the
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Fig. 4.1. Circulation r vs Time t~
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4.

language of turbulence, as more appropriate than that (if Iaiminar flnw,

to model non-gravitational dispersion.

5.1 Geometrical Effect of Turbulent Diffusion

Suppose turbulent diffusion of particles is uniform over the

spheroidal cloud surface (a sphere before the cloud top has reached the

tropopause; an oblate spheroid thereafter). Only radial diffusion

causes dispersion of particles from the cloud. Dispersion of particles

out through the upper surface of the cloud can be neglected since par-

ticles so dispersed are either recaptured by the rising cloud or fall

back into the cloud after end of rise. Therefore, only dispersion

through the lower surface need be considered.

If particle flux density, I , is uniform over the cloud surface,

then its projection, I, on a horizontal plane varies with radial dis-

tance, x, for the projected cloud center as the ratio of arc length on

a cross section through the vertical axis, ds, to projected arc length,

dx. If y is the vertical coordinate, then ds := J(dx)2 + (dy) 2 so that

for a spheroid whose vertical cross section has the equation

a-T + = 1, we have

dS l-(x 2/a 2 )(l-_1a/A 2 )

dx F l-x2/a2

ds

Since the projected flux density is proportional to !1E, it becomes

infinite below the periphery of the cloud, x = a, (neglecting diffusion

in the atmosphere, wind, etc.). A more realistic approach is to divide

the projection into say five concentric rings whose mid-radii are

x/a = 0.1, 0.3, 0.5, 0.7, 0.9. The corresponding relative projected

flux densities tre, for a sphere, 1.01, 1.05, 1.15, 1,40, 2.29 and
dx

for a 2/1 ellipsoid (such as our 5 MT cloud at 140 seconds) 1.00, 1.01,

1.04, 1.11, 1.44.
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The total projected flux is equal to the flux density integrated

over rings of area 277 x dx, and equal to the total flux through the

lower half of the cloud. For a spherical cloud of radius, R = a = b,*

the demonstration is particularly simple:

R R

Total projected flux = 1 (X) 27r x dx I. 01 L-. 2ir x dx
o o dxS 0 0

R
S2 7I0 J x dx = 2IR2Io = total flux

0 i/l--x2/II2

5.2 Turbulent Diffusion Coefficiento

Turbulent diffusion coefficients as a function of particle size,

have been determined in a study(4) of relative motion and coagulation

of particles in a turbulent gas, which is being applied to the atomic

cloud.

The derivation of the diffusion coefficients and other particle

parameters uses the similarity theory of turbulence and was suggested
by a remark of V. G. Levich(8e) that for any size particle there is a
minimum size eddy which just contains the particle during a turbulent

fluctuation. (Exception: Small particles below a certain size are

contained by all, even microscale eddies.) Mean particle speed relative

to fluid is a maximum for this eddy size, since turbulent velocity in-

creases with eddy size (see Table 3.1).

By analogy with the molecular diffusion coefficient in kinetic

theory, the turbulent diffusion coefficient is defined as the product

of the mean free path and the speed, relative to the fluid, of the

particle. The table of diffusion coefficients and other parameters(4)

is reproduced here. As indicated in the table, there are four flow

* The Eymbol R is used for cloud radius in this section to distinguish
it from particle radius, r.
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regimes, which apply to particles of increasing size, reading frpm left

to right. The mean speed of the particle relative to the fluid in the

first, microscale regime is equivalent to that given by Levich(8)

In each of the other three regimes, the speed, q, is given by

r6P

q C~

where drag coefficient C is a specified function of Reynolds numbor,
2rq

Re = This equation for q was derived by Levlch for the case

CD constant, and derived in Ref. (4) without this restriction.

In these three regimes, the forms CD = 24/Re (Stokes' law),
_3/4

CD 24 Re (empirical) and CD = constant were used, respectively.

The relaxation time, T, in each of the four regimes is given by
rP

T -P-- where Stokes' law is used for C in both of the first two
C qP D

D
regimes. Here p p is particle density.

The mean free path is qT, which equals the minimum containing eddy

size for all but the smallest particles. The turbulent diffusion coef-

ficient is q 2 T. For the smallest particles, contained by all eddies,

the turbulent diffusion coefficient is less than the molecular diffusion

coefficient, taken as nearly equal to kinematic viscosity.

Note that with increasing particle size, i.e., moving from left to

right in Table 5.1, kinematic viscosity becomes ever less important,

appearing to smaller absolute powers when the microscales A , v0 , to

(Table 3.1) are expressed in terms of v and 6 . Finally, in the

extreme right column, is does not appear at all, except in the Reynolds

number. The expressions in this column, then, are pure inertial-range

forms: they apply to interaction of particles with -ddies so much

larger than the microscale that the interaction parameters depend only
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on the dissipation rate, for a given value of the ratio of particle

density to fluid density.

5.3 Turbulent-Diffusive Flux of Particles

The flux of particles through a unit area of cloud surface equals

the diffusion coefficient times the concentration gradient (as for any

transport process). The gradient has the units of concentration per

unit length. This length is taken as proportional to the cloud radius

(vertical radius when the cloud is an ellipsoid). This is the same 4
characteristic length used in the cloud-model equations, Section 2.3.

That is, the principle of Reynolds-number similarity, (Sec. 3.1) is
again used here: since we are dealing with a turbulent process, the

length is independent of fluid, (molecular) viscosity, or diffusivity.

This principle may not apply to the smallest particles mentioned above,

governed by molecular diffusion, but their diffusion rate, and falling

rate, are extremely small.

The flux through a unit area of cloud surface, then, is

I= = k 4 D • (5.3.1)

where n and D are the concentration and diffusion coefficient of parti-

cles of the given size, and k 4 is a dimensionless constant. The value

of k 4 is not specified, but by analogy with the other turbulent trans-

fer coefficients involving i, in the cloud equations, Section 2.3, we

estimate that

,10 k 4 -- .25.
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The flux through the lowur half of Lite cloud is then

1 k4 D (5.3.2)

where S is cloud surface area.

5.4 Gravitational vs Turbulent-Diffusive Dispersion of Particles

The total gravitational flux equals horizontal projected cloud

area times particle concentration (assumed uniform in the cloud) times

particle falling rate, p.

d = 7ra
2 np (5.4.1)

g

For a spherical cloud, S 41rR 2 and, substituting this in Equation

(5.3.2)

t 2-=k4 ID (5.4.2)

so the larger the cloud, the less important particle dispersion due to

turbulent particle diffusion becomes, relative to gravitational disper-

sion. The turbulent diffusion coefficient for a given particle size in-

creases with turbulent energy dissipation rate, and, therefore, with

yield and finally with radius, R, but such dependence does not signifi-

cantly alter the relative importance of turbulent and gravitational

dispersion established above.

5.4.1 Large Particles

Consider now particles of radius, r, so large that their drag coef-

Sficient, CD, in gravitational fall is constant. Then
LD
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S1/2

P 3 CD P

where p and p are particle and fluid density, and (p -P)/p ,P /p.
p p p

Such particles are so large that they are also in a constant drag coef-

ficient regime with respect to intensely turbulent motion, (i.e., at

high dissipation rates). Then (see Table 5.1) the particle Reynolds

number is over 200 and

D i O'/ r (5,4,4)

so that taking 1/T-.DI (as is approximately valid ior such Reynolds

numbers) and substituting Equations (5.4.3) and (5.4.4) in Eq'uation

(5.4.2)

T_ ('-, Pk r1t/2 545

Figure 5.1 is a plot of the flux ratio, Equation (5.4.5).. omitting the

factor k 4 and using cur 20 KT and 5 MT computations. In :his plot,

particle radius is taken as 1000 microns (a large fallou, particle) and

density as 2.2 gm/cm3 . The dashed lines are the result ,f multiplying

the calculated flux ratio by the ratio of ambient to clo d density as if

the concentrat.Lon gradient were steeper by this factor. Some intuitive

arguments to support the introduction of this factor wer given in ,

Ref. 1. It is seen that even with this factor the flux atio is gener-

ally small and decreases with increasing yield. Its pea, value would

exceed unity for yields under 1 XT, but only for a very ew seconds,

170



I

/ I

S... . . . .. ..... 4• -- 2 .. ...

- ( 5/6 R €
1

/ - . .... ..

100

0.011L 10 Kg 33

t (see)

i!" ~Fig. 5.1. Turbulent to Gravi;tational Flux Ratio t/ vs time t,

for Large Particles

i 171



f I

corrosponulng Lu Lis z,,kc r ,,dný'-n nf intense turbulence at such low

yields.

Another instructive formulation of the flux ratio is as follows.:

For a spherical cloud, from Equation (2.3.9)

3/2
C = k3 (2E) /it

and early in cloud rise the velocity of turbulence, .2I-, does not much

exceed rate of rise, u, so that

,2 u

and also k3 /3 is of order unity,

1/3
k3 - 1

Making these throe substitutions in Equation (5.4.5),

t" "k 4  U (5.4.6)

But the Froude number of the cloud, or ratio of inertial to gravita-

tional forces, is

Fr = u2 /gR

and those forces are nearly in balance during the "steady" rise of the

cloud, i.e., Fr-l as is roughly confirmed by the first page of Table 2.1.
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Substituting Fr 1u2 /gR 1 in Equotion (5.4.6)

t ~k (5,4.7)
TW k 4 \It P~

from which it is evident, since k 4 "l and p /p-104, that an improbably
P

large particle size, r>lO4-R, is required for turbulent dIisporsion to

be dominant

5.4.2 Small Particles

',

The largest particles to whose motion Stokes' law can be applied

atre of radius r".A 0(p/p ))/'. These particles are at the upper limit

of the "Stokes-inertial" size range,

Using the same 5 MT computation, the viscosity of air, A, and the

definition of kinematic viscosity, P = p/p, the microscale

No = (13/e,)1/4 is of order 300 microns, and thu limiting size

rx (p/p )1/4 is about 30 microns. The diffusion coefficient at this
0 p

upper limit is b.

I.'

D p (5.4.8) •
P •

while the falling rate for such particles is given by Stokes' law, Al.

P r~g p (5.4-9)

where again (p - p)/p -.p /p. Then the flux ratio, substitutingP P
r 0(p/pp )1/4, and Equations (5,4,8) and (5.4.9) in Equation (5.4.2) is
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II

.4

9k4 P_>(i~' (5.4.10)

1 . Now we us#- thu fact that (Suec. 3.1.5) X0'-dI&e-
1/ and for the large-

scale lcngth , take cloud radius, R. Using also the definition of
.,I, Reynolds number Re -• ,R/, Equation (5.4.10) becomes

f, -ts nuI

ID 9k 4  
(5.4,11)

9k4
:"~IT '7ga~ /2

{* ... As in Suce (5.4, 1), we substLutote thu value of the Froude number,

6P•: -i u2/gR = Fr - 1 in EquatLion (5.4.11) giving for the ratio of turbutlent-

(diffus4ive to gravitational flux of small particles,

% • ,,~~ . -- ( 5 .4 . 1 z2 )

Now even for a low yield cloud (say 20 X0) Re 107, while (p (p) 1• ,

. so that 4 l 10-3/2, i.e., this ratio is small. To be sure, for

these small particles gravitational dispersion is itself quite slow,

Ii 16 6. SM Y

A revised version of the TR-741 cloud model has been presented
' .4 •which takes into account the decay of turbulent energy to heat. The

', r•ate of this decay per unit mass, the turbulent energy dissipation rate,

6. ~is the governing parameter for small scale turbulent motions, The model

S'' is shown to imply an atomic cloud energy cycle.
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If toroidal circulation in the atomic cloud is to be represented

by a classical vortex ring flow superimposed on the parcel-model cloud,

then the vortex parameters, in particular the circulation, may be es-

timated from the cloud model by taking vortex rotational energy as a

given fraction of the turbulent energy, consistent with conservation

of energy and with turbulence theory. Alternately, cloud circulation

as a function of time may be calculated directly from the model by

adapting Kelvin's theorem. This approach is more consistent with

atomic cloud conditions since it does not require any assumed steady-

state vortex form.

Finally, it is proposed that the centrifugal throwout of particlos

by the vortex flow be represented by a turbulent-diffusive dispersion,

For both large and small particles, the rate of this turbulent-diffusive

dispersion is shown to be small compared with the rate of gravitational

fallout.

1
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LIST OF SYMBOLS

a horizontal semi-axis of cloud, or
acceleration, or
vortex cross-section radius

b vertical semi-axis of cloud

CD drag coefficient

c specific heat of gas at constant pressure
p

D turbulent diffusion coefficient

E turbulent kinetic energy per unit mass

&(k) turbulent kinetic energy per unit mass per unit wave number

Fr Froude number

g acceleration of gravity

H enthalpy

I turbulent-diffusive particle flux density

I horizontal projection of 1

k2  empirical constant (in eddy viscosity)

k3 empirical constant (in dissipation rate)

k4  empirical constant in turbulent diffusion

k wave number i/X

Z characteristic large-scale length

m mass of cloud

n concentration of particles of a given size

p pressure, or
particle falling rate
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R cloud radius

Re Reynolds number

r radius of cloud, or
particle radius

S surface area of cloud

s curvilinear coordinate

T temperature, or
vortex energy

t time

u vertical velocity, or
large-scale velocity

V volume of cloud

v characteristic velocity, v = max (Jul, '/28); or
turbulent velocity

W total explosion energy (kilotons)

y length coordinate

z vertical coordinate

r circulation

E energy dissipation rate per unit mass

K vortex circulation

A empirical constant (in entrainment rate) or
eddy size

viscosity

kinematic viscosity Q•pa
al

"P p density

7 relaxation time of accelerated particle, or
local transfer time of turbulent energy Ij
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T,.

Sradial coordinate of vortex ring
0

total particle flux

SUBSCRIPTS

a air (dry air)

e ambient (environment) conditions

9 gravitational

o Kolmogorov microscale values; or

initial values

p particle, or
constant pressure

t turbulent

values for eddies of size h
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COMPARISON OF NUCLEAR FAILOUT MODELS*
L M. Polar.

Ford Ynstrment Company
S~Long Island City, N.Y.

ABSTRACT

The fallout prediction models presented at the 1962
USNRDI,-DASA t'allout Symposium will be discussed. They in-
clude those doveloped or used by the following agencies:
RAND Clorp. (simplified version), Weapon Systems Evaluation
Group. Defense Intelligence Agency, National Resource
Evaluaition Center (Dusty III), NRDL (D and Miller-Anderson),
Ford :Instrument Co. (T), Technical Operations Research,
University of California Civil Defense Research Project
and IAwrence Radiation Laboratory (Dr. Knox's and Dr.

Shelton's), U.S. Army, U.S. Navy (RADFO), U.S. Weather
Bureatt, Sandia Corp. (Dropsy), AN/GMQ-18, AN/GMQ-21, and
U.S. Army Signal Corps , most of which are currently con-
sidered valid.

The models simulate the transport and deposition of
fallout in ,•ne or the othe.r of two ways:

1. A single effective fallout wind (OFW) ts used to
simulate the horizontal wind field, and the size and shape

of the fallout contours are a function (explicit or
implict) of this EFl and the yield.

24 A multilayer wind field is used, the nuclear

cloud is partitioned (by horizontal slicing and by group-
ing of particle sizes) into small elements (wafers), and
the trajectory of each wafer Is computed.

The EFW models are found to be suitable for use when
computing-speed requirements outweigh the accuracy re-

quirements (multiburat operations analysis and military

field operations), The wafer models are found to be

sui.table when the requirements are reversed (in scientific,
engineoring, and military studies, including predicting
f'Allout at nuclear test sites).

*Based on work performed for USNRDL under contract

No. N228(62479)62185, Bureau of Ships Subproject
SF o0l 05 12, Task 0506.
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The follo-wing n~dod( charac terist ics will be Cconlipul-fc(I
thct Offuc ts of' inidt ial biji vs cond~itiobits , t he dimuis iolls
of thc nu"cluar clOud at the start of transport, the d.Lstri -bution of radioac~Lvlty withini theb cloud, the activity-
particle-size distribu tIons, and thu. dose rate norniali-
ZAtioll factor'. Fallout contours from various mnodels will
bo comparod Lind1 the varlatijons discussad.



INTRODUCTION

I would like to acknowledge the assistance given us by some

thirty people who have helped clarify our concepts of the models,

who have provided us with valuable information not available in the

published literature, and who have reviewed our analyses of their

models. Rather than take the time to read such a list, I refer you

to the report, where they are all listed, and extend a general and

grateful "thank you" to all who are now present.

We will discuss a classification scheme for the nuclear fallout

models, presented at the 1962 USNIDL-DASA Fallout Symposium, and we

will compare some of their major characteristics. A detailed analysis

of the fallout models will be available in a USNRDL-TRC publication

currently being reviewed. Then, from an analysis of the homework

predictions in progress, we will sample some features of the predicted

patterns that shnuld be of interest to both the developers of fallout

models and the users of fallout predictions.

CLASSIFICATION OF THE MODELS

There are two classifications of fallout models, based on the

methods used for calculating the transport and deposition of fallout.

All models in one class use a single effective fallout wind (EFW) to

simulate the horizontal wind field; all models in the other class use

a multilayer wind field.

The EFW's are constant with altitude, and with one exception,

are constant with time and downwind dist4..nce (DWD). However, there

are enormous variations among the EFW's derived from a single wind

sounding for the several models.
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Mo•t of th•e EI.N models contain a .ubmodol of some sort to

prodict thu nuclonr cloudd. Thw, shapc4s nd dimnen.ion, of the pro-

di utud clotds vary cons iderably from model to model, as do also tile

spat La tutd patrt iclu-sizL distrilbu tlons of act ivity within the clouds.

The clouds in i tho EFW moxdels ore not partitioned into discrete elements;

that is, th, clouds aru not sliced by horizontal pianos nor arc the

particlu sizeu raloxs divided into groups.

The shapes, sizes, and relative locations oi 1.allout contours

prodictod by EFW m(,dols are very dor.ondont on Lhe physical assump-

tion.v- and caculutilonal techniques used in each particular model.

Iln fact, thU shapes Of the contours arc -o dependent on those factors

that it is frequently easy to idontiiy tho model used by examining the

shapo of a prodicted fallout pattern. r

SLIDE 1

The EFW modols in the upper group have boon programmed for digital

oomputers. (The WSEG model is sometimes referred to as the Pugh-

Galiano model; the DIA model was formerly called the AFIC model,) Those

models are suitable for large-scale nuclear attack problems; that is,

for prodicting fallout from large numbers of bursts distributed over

large areas. Manual prediction techniques (slide rules, tables, graphs,

nonographs, developed for those models represent their less important P

applications. The two models in the lower group are designed for

manual solution under military field conditions, including ships at

sea.

Only in the EFW models is there explicit consideration of cross-

wind shc.r. The exact dofinition of crosswind shear and the altitude 1

layer for which it is calculated vary from model to model. However,

the following may be considered a general definition of crosswind

shear for the computer programmed EFW models. It is the change in

speed of the wind components perpendicular to the MW with altitude,

in some cloud layer.
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The RAND model contours are based on a zero crosswind shear.

The WSEG and NREC (National Resource Evaluation Center) models accept

the crosswind shear as an input, but NREC always uses one of four

values that are dependent upon weapon yield and time of year. A

typical crosswind shear was assumed in the development of the DIA

model; it cannot be varied from prediction to prediction.

The equivalent general definition of crosswind shear for the

lower group of models crn be considered to be the angle subtended by

a wind hodograph drawn for the winds between two significant cloud

levels. In the Army model the contours occupy a downwind sector equal

to this angle, using 400 as the minimum for the angle. In the RADFO

model, this angle is used primarily to select the proper shape for the

fallout contour.

The hotlines in the RAND, WSEG, DIA, and Army models are always

straight lines, and the contours are always linearly symmetrical at-out

the hotline. The NREC model produces a hotline that curves to reflect

changes in the 500-mb wind with time and with location on the earth's

surface, as well as the effects of the curvature of the earth. What i;.

essentially the WSEG model is then applied to the curved hotline, with

downwind distance measured along the hotline and crosswind distance

perpendicular to it.

The RADFO model is the only EFW model that can produce contours

that are not symmetric about some axis.

SLIDE 2

In all fallout models in the other class, the clouds are sliced

by horizonlal planes, and the slices are partitioned by particle-size

grouping into wafers, which are also called discs and fallout incre-

menrts. The wafer models are intended for use with multilayer wind

fields rather than single EFW's. Inherently (at the cost of
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increased computation time) they can predict more accurately and

realistically shaped contours than can the EFW models.

The wafer models fall into three groups. First, there are those

thait are systematized as computer programs. The LRL-b model, presented

by Dr. Knox in 1962, contains a barotropic atmospheric submodel for

predicting the winds during fallout. The Civil Defense Research

Project (CDRP) model is a special transport submodel that uses wind

statistics representing several years of local wind records to estimate

and reduce the error in the predicted landing point of each wafer.

This transport submodel can be used with almost any cloud submodel.

The second group comprises the wafer models that are manually

solved. The Technical Operations Research (TOR) model was developed

for general or operations analysis studies, and the Signal Corps model

was developed for military field use. However, manual predictions with

wafer models are too time consuming for these applications, and EFW

models are now used.

The LRL-h model (which was to have been presented by the late

Dr. Shelton in 1962) and the U.S. Weather Bureau (USWB) model both use

what we call fallout hodographs to simulate the transport of fallout.

These are wind hodographs with lines drawn from ground zero through the

wind vectors at the heights of the centers of the cloud slices. Each

radial line is the locus of wafer centers from a particular cloud slice.

The third group consists of the wafer models that are the bases of

special-purpose electronic computers. Dropsy is an analog computer

used by Sandia Corporation to simulate transport of fallout. It re-

quires inputs calculated from some cloud submodel. The model that was

used in this computer has been programmed for a digital computer

subsequent to the 1962 symposium.
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The AN/GMQ-18 analog computer has been used during the past: decade

to study the effects of meterological parameters on fallout. The

AN/GMQ-21 is a special-purpose digital computer design based on the

Ford-T fallout model. It has never been built. It appears that the

rapid growth in general-purpose digital computer technology has reduced

the importance of special-purpose computers.

SLIDE 3

The models shown here contain a height-of-burst adjustment (HOBA)

for elevated bursts; no adjustment of this sort is made in any of the

other models, The HOBA enters into dose-rate calculations in the same

manner as does the fission-to-total-yield fraction (F). That is, the

dose-rate value for a surface burst is directly proportional to the

product of the yield, the fission fraction, and the normalization factor

(W'F.NF). For an elevated burst, the dose-rate value is directly pro-

portional to the product: W.F.NF.HO13A.

Let us note some of the more obvious intermodel differences in

the HOBA. In the Ford-T, NREC, and Signal Corps models, the HOOBA is

based on the ratio of the height of burst to the radius of the fire-

ball (HOB/R), where the various expressions ior R are as shown on the

slide. This approach was also used in the USWB model until 1955, so

it is shown here only for background. In the LRL-h model, the HOBA is

based on the ratio of the depth of burst to the depth of the apparent

crater (DOB/DAC). Graphs showing this ratio for various types of soil

are available in LRL publications.

The 0.4 and 1/3 exponents of yield cause a 5(&- difference in

fireball radius for a I-MT yield. The difference decreases with lower

yields and increases with higher yields. For HOB/R - 0.5 as computed

by the several models, the resulting HOBA's range from 0.2 to 0.85.

With the next four slides we will compare the heights used for

the top and the bottom of the cloud cap by the various models, for

land-surface bursts at mean sea level.



I

SLIDES 4 and 5

This and the next slide (5) show the heights used for the top of the

cloud cap as determined by the various models. That shown for the NRDL-

D model is the cap-top height at the cessation of cloud rise. We see

that for a l0-MT yield, the cap-top heights vary between approximately 64

and 115 kilofoet. For a 10-KT yield, the heights vary between 21 and 33

kilofoot.

SLIDES 6 and 7

This and the next slide (7) show the heights used for the bottom of

tho cloud cap. (The bottom of the whole cloud is used for clouds that

have no stems.) Those heights vary between 36 and 74 kilofeet for a 10-

MT yield, and between 10 and 21 kilofeet for a 10-KT yield. Thus for

both yields, a range of heights of approximately 2 to 1 is shown for the

cap heights.

These intormodel variations in the height of the cloud cap must

inevitably cause variations in the predicted fallout patterns. They

indicate, too, that the applicable wind levels vary from model to

model. It is possible that the variations in other model character-

istics, such as particle-size distributions, settling-rate equations,

and the like, exist in part to compensate for the variations in cap

heights.

SLIDE 8

This and the next two slides (9,10) show the activity particle-

size distributions used in the cloud submodels. In general, the higher

the curve lies on the graph, the larger the mean logarithm of the

particle diameter. The slope of the curve indicates the kurtosis of

the distribution, with the smaller slopes or more horizontal curves

representing the more peaked distributions. In the wafer models these

distributions may be divided into as few as 3 or as many as 200

particle-size groups.
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Activity-particle-size distributions used Cnr the cloud caps uar

shown on this slide. The USWD(J-S) distribution has been made available

since the 1962 Symposium. It was developed from Johnie Boy-Small Boy

test data. The RAND model uses two distributions: the one shown

represents 95% of the total cloud activity and is spread uniformly

throughout the whole cloud. The NRDL-D distribution is used for the

whole cloud; it is shown here for comparison.

SLIDE 9

This slide shows distributions used for the cloud stems. The

RAND distribution shown here represents the remaining 5,A of total cloud

activity and is spread uniformly throughout the lower 1/5 of the cloud.

The activity in this distribution is generally associated with particles

larger than those used in the stems of the other models. This may be

considered to compensate for the fact that the cloud has no stem, and

thus there is no activity between the bottom of the cloud cap and the

ground. The stem distributions shown for the other models all lie

between the bottom of the cloud cap and the ground-zero surface. All

stem distributions are associated with particles larger than those used

in the cap distributions.

SLIDE 10

This slide shows activity-particle-size distributions used by the

models that use only a single distribution for the whole cloud. Notice

particularly the NRDL-D model coral and Nevada soil distributions.

These two distributions were used in the only homework problem reply

for two cases that differed only in the type of soil.

The Nevada soil distribution has a smaller mean but a larger

standard deviation than the coral distribution. Note that in the

distribution with the smaller mean, 14% of the activity is associated

with particles greater than 700 microns in diameter, while in the
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distribution with the larger mean only 7% of the activi t y is

associated with the same very large particles, The effects of these

two distributions will be shown shortly.

SLIDE 11

The vertical distributions of activity for a 20-KT land-surface

burst at moan sea level are shown on this slide. Although the geomotry

of the LRL-h cloud is a right circular cylinder centered abovo ground

zero, the activity is distributed in a typical mushroom shape. The

Ford-T model shows that about 8"' of the stem activity is locked onto

the ground-zero site. For this yield, some of the wafers in the

NRDL-D model have landed by the time the cloud has ceased to rise.

SLIDE 12

This slide shows the vertical distributions of activity for a

20-MT burst. Note that the greater part of the activity in the RAND

and WSEG clouds is lower than it is in most of the other clouds. For

a 20-MT burst, the lowest wafers in the NRDL-D cloud are still some

30 kilofeet above mean sea level at the time the cloud ceases to rise.

The activity is assumed to be constant along the wafer diameters

in all wafer models except the Dropsy, in which the activity has a

Gaussian distribution along the wafer diameters.

SLIDE 13

The normalization factors used in the various models are shown

here. Models for which a numerical value is listed under Realistic

Flat Terrain predict dose rates for 3-foot height above realistic flat

terrain. The other models predict dose rates for a 3-foot height abovE

an ideally smooth infinite plane.

RAND used a normalization factor (NF) of 1200 for the homework

problems. The values of the shielding factors used in the DIA model
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nrle 9t1!] clnssificd. For flat turraie, a. vulue of ( w) ,ould be used,

resulting in NF = (*) for realistic flat terrain.

Within each model, a predicted dose rate Jis directly proportional

to the NF. However, the dose-rate levels predictud by the various

models for the same conditions frequently do not show correspondence

with the NF's used in the models.

SYMPOS IUM HOMEWORK PROBLEMS

SLIDE 14

The effective fallout winds used in the EFW model predictions are

listed here. Dtshes in the listing represent cases in which the yields

were outside the yield range of the particular model. The conventional

direction for winds is the direction from which the wind is blowing,

measured clockwise from north, We derived the EFW's for the RADVO

model by using the procedures given in ATP-25,

In Case I, the winds used ms inputs to the EFW models varied in

direction by nearly 90 degrees and in speed by a factor of approxi-

mately 5. The large variations in the EFW's have caused intormodel

variations in the predicted contours that cannot be explained solely

in terms of the contents of the models themselves.

The variations in the direction of the predicted contours are

directly related to the variations in the directions of the EFW's.

In some cases, the predominant effect of using a higher rather than a

lower value for EFW speed is an incrense in the size of all contours.

In other cases, higher values of EFW speed cause a relative decrease

in the size of contours for high dose-rate values and relative increase

in the size of contours for low dose-rate values.

(*) Values omitted for security reasons.
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SLIDE 15

This slide shows the dose rate normalized to H+1 hours (DR) as a

function of downwind distance (DWD) for a 15-MT yield. The predicted

contours with the highest DR values wore obtained with the Signal

Corps modol, which used the lowest reported normalization factor

(NF = 689). In the two NRDL predictions, the Nevada soil distribution

yielded higher DR values close to ground zero and lower values at

modoeate distances from ground zero, than did the coral distribution.

This was to be expected when one considers the combined effects of the

means and standard deviations of those two distributions. At. DWD's

greater than 200 miles, both distributions produced essentially the

same dose rates.

Little can be said about the AN/GMQ-18 analog computer predictions

because we have been unable to obtain details concerning the cloud

submodel it contains.

SLIDE 16

This slide shows infinite dose for a 1-MT yield as a function of

DWD and the area enclosed by the contours. Surprisingly, it shows

that the Ford-T model contours based on an NF = 900 enclose much

larger areas than do the LRL-h model contours based on an 1. = 2700.

I suspect that the Army point agrees well with the other (wafer model)

contours because the wl.nds in this case contained large directional

variations. I also suspect that this agreement may not occur in cases

where the wind is more uniformly directed.

SLIDE 17

The dose-rate-contour-area characteristics for a 20-ton yield

in vertically uniform 10-knot and 40-knot wind fields are compared

I'9re. The DIA 40-knot plot Is slightly less steep than the 10-knot
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plot , and all the DIA contaur for tho higher will enclose larger

areas than they do for the lower wind. Trh NRDL-D model produces

higher dose rates close-in for the 10-knot wind than it does for the

40-knot wind, but there is only a slight decroase in contour-unclosed

areas further downwind. The Ford-T model contour shows the effect of

no cap wafers having landed within this DWD range.

SLIDE 18

This and the next slide (19) shows Identical parameters for a

10-MT burst in a 10-knot and a 40-knot. uniform wind field, respec-

tively. ThiLs slide shows that the RAND and NRDL-D plots for the

10-knot wind field are very similar. The two models also coincide

over parts of their range in the plots for the 40-knot wind field.

SLIDE 19

There is a tendency for the high dose-rate levels close to ground

zero (within approximately 300 miles) for the 10-knot wind field to be

completely missing in the plots for the 40-knot: wind. There is also a

tendency for areas within very low dose-rate contours to increase

significantly in the case of the 40-knot wind. For example, the

5-roentgen/hour NRDL-D and DIA dose-rate contours for the 10-knot wind

enclose aroas of approximately 17,000 and 29,000 square miles, respoc-

tively. For the 40-knot wind, the areas are approximately 66,000 and

88,000 square miles for the same dose-rate level.

The homework predictions indicate that there are at least two

additional problem areas yet to be tackled. The first is to define

the upper limit of fallout. Some models always consider the activity

locked in the crater to be the hottest point in the fallout field, and

then show decreasing activity with downwind distance. Other models

consider the only activity in the cloud to be fallout, and thus, as in

the WSEG model, always predict the highest dose rates downwind of
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EFW MODELS

1. Computer Programmed

RAND
WSEG multiburst operations analysis
NREC
DIA:

2, Manual

ARMY \ simple field predictions

RADFO

Fig. 1. "!W Model.s
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WAFER MODELS

1. Computer Programmed

NRDL-D
Ford-T
LRL-b
Miller-Anderson
CDRP

2. Manual

TOR
Signal Corps

LRL-h

USWB

3. Electronic Systems

Dropsy
AN/GMQ - 18
AN/GMQ - 21

Fig. 2. Wafer Models
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II

NORMALIZATION FACTORS

NF (r/hr per KT/$q.st.mile)

Model Ideal Plane Realistic Flat Terrain

HAND 1200-2660 ----

WSEG 2400

NREC, CDRP 2500 ---

TOR 1580 870

Ford-T 1200 900

NRDL-D 1682 1093

LRL-h,LRL-b 3380 2700

Signal Corps. 984 689

USWB 1500 1050

Drcpsy 2585

Fig. 13. Normalization Factors
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EFFECTIVE FALLOUT WINDS
(Speed in knots/Conventional direction In degrees)

Model Case I Case III Case V
RAND 7/343 - 25/294
WSEG 21/287 16/189 11/342
DIA 4.1/258 22/197 22/292
RADFO* --- 21.5/192 15/299
AhMY 19/273 15/185 17/325

Fig. 14. Effective Fallout Winds
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THANSPORT AND OUTPUT PROCESSOR MODULES FOR
THE DOD FAIJ-XT PREDICTION SYSTEM

T. W. Schwenke

Technical. Operations Research
Burlington, Massachusetts

ABSTRACT

1. The Transport Module

The specific purpose of the transport module is to
accept a list of fallout particle properties and positions
and mathematically transport these particles through a
temporally and spatially varying wind velocity field until

they land on the ground or until the researchers' interests
are otherwise satisfiod. The transport module has been
divided for sake of flexibility and ease of construction
into throe major programs, each of which forms a separate
chain link. These three links have the following general
purposes:

Link 1. Initialization and control
Link 2. Wind field description
Link 3. Particle transport.

The wind field descriptions are accomplished as follows.
A Cartesian coordinate system with origin at ground zero is

established. With reference to this coordinate system, grid

nets are specified in horizontal planes at arbitrarily spaced
intervals in the vertical direction. The user provides a
data set of wind vectors, arbitrary in number and independent
of the grid system, that then is expanded and smoothed to
yield interpolated or extrapolated wind vector components at

each grid point. Three interpolation options are available
for use in the data expansion calculations. In addition to

this so-called macro-wind description system, provision is
made for representation of certain special local circulation

• 6 systems by analytical models. Specifically, models for

mountain winds and sea breezes will be provided. The regions
controlled by these models are bounded by plancs perpendicular
to the coordinate axes. Inside these regions, wind vectors
are computed for specific circulation model parameters.
Temporal variation of the wind field is achieved by periodically

replacing the entire wind field description data set. The
period of data replacement is specified by the user. Topo-

graphic variation of ground height is accomplished by
specifying elevation heights of blocks in a grid system that
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can be subdivided indefinitely to yield any resolution of
detail desired. Topography of mountains covered by a
mountain wind model cell is described by an analytical
mountain shape function.

Particle trajectories through the atmosphere are com-
puted in steps between boundaries defined by the grid-array
planes. Lateral particle motion is taken as equal to that
of the air currents. Vertical motion is taken as the sum
of vertical air current motion and the terminal settling
velocity computed for a sphere.

2. The Output Processor Module

The Output Processor of the DOD Fallout Prediction
System is a very flexible, highly modular computer program
for use in the interpretation of data representing grounded

subdivisions of the radioactive cloud. It accepts descrip-
tions of grounded cloud subdivisions, interprets them into
a two-dimensional memory array or map image, and then
prints the resulting array in a form suitable for viewing
as a map. The interpretation processes required of the
Output Processor are the computation of: (1) dose rate"fnormalized" to H + 1 hour, (2) dose rate at a specified
time, (3) dose accumulated between two specified times, and
(4) particle mass deposited per unit area.
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INTRODUCTION

In this paper we consider the t"'o final modules of the DOD

Fallout Prediction System: the Transport Module and the Output Pro-

cessor. Figure 1 represents the basic progran modules of the predic-

tion system and shows the sequence of their execution. At transport

time, previously executed modules, spe..ifically the Initial Conditions

Module and the Cloud Rise and Circulation Module, have prepared inputs

for the Transport Module.

The Initial Conditions, or "Fireball," Module begins with basic

weapon and environmen'.al parameters and ends with the beginning of

entrainment-controlled rise. The Cloud Rise and Circulation Module

then develops from these results a description of the distribution of

fallout particles after cloud rise ýirculation is no longer important,

A Particle Activity Module may be called at this time to assign

radioactivity to the particles on the basis of information supplied by

the preceding modules.

Located just prior to the Transport Module is another moeule

(not shown) that has become known as the Particle Set Expansion

Module (PSE).

PARTICLE SET EXPANSION MODULE

The PSE Module stands as an interface between the Cloud Rise and

Transport Modules. Because of computational limitations, Cloud Rise

must deal with a small sample of the particles that eventually form

the deposition pattern. The PSE Module uses the cloud-rise particle

sample to define a larger set of particles ii be transported. Thus,

it can be said to expand the set of cloud-rise particles.
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In Figure 2, which shows the operation of the PSE Modulo, the

Sdiagram on the left rcprosenLs the distributed sot of particles that

results from cloud rise and circulation. The PSE Module operates by

effectively loading and smoothing the original sample of particles

into two three-dimensional arrays situated above ground zero. The center

diagram of Figure 2 represents the relationship and subdivision of

these two arrays. A particle-size mass distribution is determined for

each cell in these arrays on the basis of the sample. Then each coll

is subdivided spatially and in particle-size ranges to define the

cloud subdivisions and central particles that will be actually trans-

ported. The resulting particle set represents an axially symmetric

stabilized cloud and it is recorded on magnetic tape for future use.

To account for the effects of winds on particles while they are

rising within the cloud and after they fall away from the circulating

part of the cloud, adjustments are next made to the coordinates of all

cloud subdivisions, and the results are recorded on a separate magnetic

tape for use as an input to the Transport Module. The resulting dis-

tribution in space is represented by the right-hand diagram of Figure 2.

Note that this distribution of particles (central particles of cloud

subdivisions) is not axially symmetric and also that the time and

spatial coordinates of each central particle represent it at the time

when it left the circulating cloud and began its freo descent through

the flowing atmosphere.

Summarizing the inputs to the Transport Module, let us consider

the elementary cloud subdivision and its characterization as shown

in Figure 3.

The PSE Module produces cloud subdivisions that are rectangular

boxes (square when viewed from above), and all have the same character-

istic length, B, at the time of their definition. Each subdivision

(central particle) is characterized by three spatial coordinates, a

time coordinate, a (central) particle size, and the amount of mass that

the cloud subdivision represents.
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A large number of those elementary cloud subdivisions (central

particles) are recorded at thle time and Ix)sition at which they depart

from the rising cloud. At that time thecy ropreson;it (on matgnoti c tape)
an asymnmetric nuclear cloud defined in such a way that it is roady toI

be transported by the Transport Module. Such anl asymu~ltric c1l(ou is

represented in Figure 4 within a box that indicates the limits of the

volume of atmosphere for which a wind velocity field is to be defined.

TRANSPORT MODULE

The Transport Module accounts for the effect of atmospheric

motion and results in a distribution of fallout debris on the ground.

The transport of cloud subdivisions is represented picturixlily in the

left-hand diagram of Figure 5, Cloud subdivisions are transported

independently of one another, and it should be noted that only central

particles are actually handled by the Transport Modulo, Output

processing, represented on the right-hand side of the figure, interprets
the results of the Transport Module in the light of user requests for

particular tabulations. The Output Processor in effect plots each

grounded central particle on an output map, draws the subdivision's

boundary onto the map, and then increments each grid point that lies

within the boundary by an appropriately computed amount. We will

return to discuss the Output Processor in greater detail later, but

now let us consider how the atmospheric transport of pairticles is

actually carried out.

The specific purpose of the Transport Module is to accept a list

of fallout particle properties and positions and mathematically trans-

port these particles through a temporally and spatially varying wird

velocity field until they land on the ground, or until the researcher's

interests are otherwise satisfied. The Transport Modulo has been
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divided for the sake of flexibility and ease of construction into three

major programs, each of which forms a separate chain link. These

three links have the following general purposes:

(1) Initialization and control

(2) Wind field description

(3) Actual particle transport.

The wind field descriptions are accomplished as follows. A

Cartesian coordinate system with arbitrary origin is established.

With reference to this coordinate system, grid square arrays are

spcecified on horizontal planes at arbitrarily spaced intervals In the

vertical direction. Figure 6 illustrates how such a set of strata are

used to fill the volume of atmosphere of intcrest. Each stratum is

further subdivided into a number of wind cells in a regular manner as

is shown in Figure 7.

To assign vectors to wind cells, the user may specify as input

a data set of wind vectors and vector positions. This data set can

be arbitrary in number and distributed in an arbitrary manner through-

out the atmospheric volume of interest. The program then determines

and associates a wind vector with each wind cell in the volume of

interest. These wind cell vectors are based on the input data, and

there are three interpolation-extrapolation computational options

available for use in determining thenm. In the first option the

program assigns to each wind cell the data vector nearest the cell's

.enter. The second option uses the inverse-distance weighted-average

of the N nearest data vectors, where the user is free to specify the

number N. The third option uses a statistically derived three-

dimensional linear model of the atmosphere based on the N nearest data

vectors to perform the required interpolation or extrapolation for

each cell.
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MACRO FIELD AND IOCAL CELLS

Thus far in this paper we have been considering only what might

be called the "macro" wind field of the prediction system. In addition

to this so-called "macro-wind description system," provision is made

for representation of aertain special local circulation systems by

analytical models. Specifically, models for mountain winds and sea

breezes have been provided. The regions controlled by these models

are bounded by planes perpendicular to the coordinate axes. Inside

these regions, wind vectors are computed for specific circulation model

parameters. Figure 8 rapresents three of these local circulation cells

as they might be superimposed upon the macro stratum and wind cell

structure. The relationship between flows within local. cells and the

nearby macro wind cells can be reasonably maintained if the local

systems are represented by perturbation models. However, under certain

conditions other representations may be appropriate as well.

ACTUAL TRANSPORT

Particle velocity for all particle transport is assumed to be

given by the wind velociey (three dimensional) at the particle Dosition

minus the still-air particle-settling rate. Settling rates aro

computed as a function of particle size and altitude using a tabulated

(standard) atmosphere. The Davies "definitive" equations for spheres

along with a slip correction have been used. Within "macro" cells,

particle trajectories are taken as straight lines and, thus, particles

can be moved from one boundary to the next in one computational step.

Such boundary-to-boundary transport is illustrated in two dimensions

in Figure 9. Generalizing the boundary-to-boundary transport to other

boundaries such as those of local circulation systems, we see in

Figure 10 how a particln's trajectory is piecewise linear in the

"macro" wind field but smoother within a local circulation system cell.
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In addition to wind cell and stratum boundaries, time boundaries

and topography boundaries are also used during transport, The

following table is a list and explanation of the most important bound-

arier used by the transport program.

BOUNDAUIES CONSIDERED BY THE
BOUNDARY-TO-BOUNDARY TRANSPORT

1. North-South Vertical Grid 6. Time Boundaries
Planes a. Time at which the wind

2. Eost-West Verticle Grid Planes field descriptions are

3. Horizontal Stratum Boundary to be updated.

Planes b. Time at which the user
wishes the transport

4. Vertical Planes Which Bound w e teransor
Local Circulation Systems

7. Topography
5. The Horizontal Plane At The

Maximum Topographic Height a, Planar or piecewise-
(not within a local cell) planar topography in

areas not covered by
local circulation cells.

b. Analytical topography
within each local cir-
culation system cell.

Temporal variation of the wind field is achinved by periodically

replacing the entire wind field description data set. The period of

data replacement is specified by the user.

With regard to topography, three different methods of syt: l~icn

are available. First the user can specify a planar deposit. - .

at any altitude for use in areas not covered by local circula~t .ts.

Alternatively, a system has been provided to allow the user tc quvcify

the topography in a piecewise-planar manner, such as that illustrated

in Figure 11. A grid system that cnn be subdivided indefinitely to

yield any desired resolution of detail is used to achieve the desired

resolution without the excessive redundancy of a strictly regular grid.
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Within local circulation cells other topographic descriptions must

be used. For instance, the topography of mountains covered by a moun-

tain wind model cell is described by an analytical mountain shape

function.

The final result of the Transport Module is a list (written on

magnetic tape) of the impact points and times for all central particles

that land during the time of user interest. Included in this list are

all particle parameters used to characterize each elementary cloud

subdivision, the tabulated particle-size mass distribution that was

the basis for the original definition of particles, and, if a Particle

Activity Module calculation has been done, a tabulation of activity

vs. particle size.

OUTPUT PROCESSOR MODULE

The Output Processor of the DOD Fallout Prediction System is

a very flexible, highly modular computer program for use in the inter-

pretation of data representing grounded subdivisions of the radioactive

cloud. It accepts descriptions of grounded cloud subdivisions, inter-
prets them into a two-dimensional memory array or map image, and then

prints the resulting array in a form suitable for viewing as a map.

The interpretation processes required of the Output Processor are

the computation of: (1) dose rate "normalized" to H + 1 hour,

(2) dose rate at a specified time, (3) dose accumulated between two

specified times, and (4) particle mass deposited per unit area.

4 Time of particle impact is appropriately accounted for by all

interpretation options as required, but doses and dose rates resulting

from cloud subdivisions that are in transit are not currently accounted

for.

One of the features that distinguishes this Output Processor

from prior work is its treatment of map areas and scale factors. Map

limits in this program as well as scale factors, are decoupled from the
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weapon and particle data and are under the dirovL control of the

uner. The user may specify the coordinate limits of any rectangular

map oriented parallel to the coordinate axes. Virtually any scale

factors may be specified for use and the resulting map will be printed

automatically in as many strips as are required.

Although at this time the Output Processor can operate using

the assumption of a mingle constant decay rate for all cloud sub-

divisions, plans have been made to achieve a physically more correct

treatment of activity. The single constant decay rate will remain

as an optional simple approximation, but modifications to the NRDL

Particle Activity Module are now under way at NDL to facilitate its

use within the Output Processor. When the work is successfully

completed and appropriate modifications and additions are made to the

Output Processor, it will be possible to estimate directly the effects

of fractionation and perhaps even selected mass chains.
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START

FItRBALL
MODEL

CLOUD RISE 1
MODEL

un
TRANSPORT

MODEL

OUTPUT
PROCESSOR

STOP

Fig. 1. The Basic Program Sequence in the DOD Fallout Model
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OPERATIONS OF THE PARTICLE SET EXPANSION (PSE) MODULE

AW IOU SWAFLE WAD SWRI5 Im AJUft PiNm$S OFMUEIT1W WM SL*I*mI AUNA, E M INM WEI OTI'S 71 ACOUNT
ANO CICUL~flO MONMLE 11TNFIU1 M •LAMIPI FOIRNMI uIrNI CLOW AlitGCLIU Will

Fig. 2. Operations of the Particle Set Expansion (PSi) Module
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THE ELEMENTARY CLOUD BUBDIVISION AND fTS CHARACTERIZATIk A
PARAMETUEM

1. CENTRAL PARTICLE 8IZE
L. MA"8 UPRaMT9NM3. X COORDINATE (EW)
4-. Y COORD INATE (N-S)

6. TIMI COOROINATE

Fig. 3. The Elementary Cloud SubdiVisior, and Its Characterization
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ASYMME.TRIC CLOUD LOCATED WITHIN THE
6PECIFIED WIND FIELD VOLUME BEFORE TRANSORT

/i

A'g

'I

Fig. 4. Asymmtric Cloud Located Within the Specified Wind Field Volume
Before Transport
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TRANSPOT MODULE OUTPUT PROCE.SSO MOOULE
TRANSPOR.T OF INDIVIDUAL PROCESSING OF GROUNDED

CLOUD SUBDIVISIONS CLOUD SUBOIVISIONS

Fig. 5. Transport and Interpretation of Individual Cloud Subdivisions
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STRATA WITHIN THE SMIPEFIED WIND FIEL VOLUME
(ILLLWTATUD PM uIIK OVUA)

A'A

Sl..''•IOI.SX llaA

Fig. 6. Strata Within the Specified Wind Field Volume

230



IV

WIND CELLS-GUBOVIIOSM OF A STRATUMA
(ILLUSTRATLO FOR THE J-TH sTRTUM FROM ThIL WftM)

I T 7,

Fig. 7. Wind Cells-Subdivisions of a Stratum
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WIND FIELD VOLUME WITH SUPFAIMPOBED LOCAL
CIRCULATION SYSTEM CELLS

S--

1-1-1 iE J- -rv

- I

_/ -- a

/

Atr

Fig, 8. Wind Field Volume with Superimposed Local Circulation System

Cells
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BOUNDARY-TO- BOUNDARY TRANSPORT
(ILLUSTRA'rCO IN TWO DIEMNSIONS)

Fig. 9. Boundary-to-Boundary Transport
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BOUMPM•-1N-SOUKPAY TKANS•O•T AND A MOUNTAIN WINP CELL

Fig. 10. Boundary-to-Boundary Transport and a Mountain Wtnd Cell
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(NUMUgRG Aft SURFACE HMOM&, VBUMICAL WALE EX GEM6IAE)

Fig. 11. Piece-Wise-Planar Topography Specification Below the "Macro"
Wind Field Volume
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DIFFERENCES IN TRANSPORT AND DEPOSITION
OF CWSE-IN AND INTERMEDIATE FALWOUT

E. C. Evans III and C. A. Young
U.S. Naval Radiological Defense Laboratory

San Francisco, California

ABSTRACT

"Close-in" and "intermediate" fallout are customarily
distinguished by particle size. This paper assesses some of
the differences in the phenomena of transport and deposition
of these two classifications of fallout.

Particle falling speeds used by the USNRDL D-model are
presented and used to establish regions of close-in and in-
termediate fallout. A special plotting system used to esti-
mate particle sizes aloft or being deposited at any time
and/or location is described. The effect of base surge and
deposition on plant surfaces is evaluated to determine the
extent to which such phenomena can alter close-in radiation
fields. The probability of atmospheric modification of
close-in and intermediate fallout intensity is discussed.
Possibly important differences in deposition mechanisms
characteristic of the close-in and intermediate fallout re-
gions are enumerated in order to emphasize the problems of
extending close-in fallout models to intermediate fallout
and beyond.
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INTRODUCTION

With the DOD-fallout model rapidly approaching completion, it is

important to look again at the whole sequence of phenomena in an attempt

to discover the most productive areas for subsequent sensitivity analyses

or further model refinement. Since it is currently available, and, since

its use does not significantly alter conclusions, the NRDL D-model is

used for this construction. The overall event is intentionally inspec-

ted from a graphic point of view; therefore, emphasis is placed on curve

shapes and general trends rather than on precise numerical values.

)No model, present or future, can expect to duplicate the complete

history of fallout particles in the real atmosphere; nor does such ex-

pectation appear practical. Certain aspects of particle transport and

deposition, still omitted or approximated by all present fallout models,

are again inspected to determine whether their effect on the final radi-

ation field can be significant. These factors are divided into those

affecting "close-in" fallout (particle diameters >50A) and those af-

fecting "intermediate" fallout (particle diameters between 50 and 10cM).

Such division on the basis of particle size is admittedly arbitrary as

well as being somewhat erroneous since the definition of close-in and

intermediate fallout must, in part, depend on yield and height of burst.

PARTICLE FALLING3 SPEEDS

Particle falling speeds inevitably enter into any analysis of fall-

out behavior. Therefore, a brief summary of the terminal velocities

used in the NRDL D-model is required, especially since Mr. C. F. Ksanda's

investigation establishing such speeds has not been published. After crit-

ically examining the work of Burke and Plummer,2 Dallavalle, (3) Davies,(4)
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(5) (a) (7) (s) (9)Krey, Kunkel, Martin, Muttray, Pettyjohn and Christiansen,

(10) (11) (12) (13)
Prandtl and TietJens, Rapp and Sartor, Schiller, Wadell,

and others included in Lhe British Compendium on "The Physics of Particle
(14)

Size Analysis, Mr. Ksanda constructed a plot of terminal velocities

versus particle size for spheres, cylinders, disks, cubes, and polyhedrons

(reproduced for spheres and cylinders in Figure 1). The dimensionless

parameters:
[2 1/3

proportional to particie size, [L.P)o] d, and

proportional to particle velocity, ppo)gp4 v,

are used; where

C = particle drag coefficient;

N = Reynold's number;

V = particle volume;

d = characteristic linear dimension of particle (for spheres and
cylinders, diameter; for irregular particles, maximnum projected
dimension);

A = cross-sectional particulate area normal to direction of fall
(particles were assumed to fall with their center of gravity
as low as possible);

P = particle density;

PO = fluid density;

g = acceleration of gravity;

)A = terminal particle velocity (Bernoulli effect, density flow,
and slip correction not considered).

./3

The 2:1 cylinder I = 0.925 was selected as the best approxi-

mation to the falling speeds of irregular particles. Compared with a

sphere of the same volume, this cylinder falls -0.8 as fast for small N,

-0.7 as fast for intermediate N, and -0.75 as fast for large N. Falling
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rates so computed thus qualitatively agree with the results of Rapp

and Sartor(11) for simulated angular particles at low Reynold's number.

Compared with a sphere of the same diameter, the 2:1 cylinder falls

nearly 1.4 times faster for small N, at about the same speed for

intermediate N, and - 0.9 as fast for large N. Qualitatively, this obser-
(5) (15) (16)

vation agrees with the data of Krey, Prockat, and Rubey, the

latter two of which are based on diameters determined by sieving, which

should best represent actual diameters. This result also compares

favorably with the terminal velocity determinations of Broido, Corcos,

and McMasters(17) using simulated irregular fallout particles in a small

vertical wind tunnel. Mr. Ksanda therefore fitted the falling-rate

for the 2:1 cylinder with the equation:

v 1.325bi. log30 (bd + 1.163),

where

-2gpo(p-pol) 1/3

and other notation has been previously indicated. This terminal veloci-

ty is further modified by Cunningham's slip correction factor:(28)

[1+ 2.514 + 0.8 exp 0.55, where L = mean free path

of air "molecules" at a given altitude. Density and viscosity, both.. functions of altitude, are determined from any standard atmosphere

table or from observations. In the USNRDL cloud rise module prepared

for the DOD-model, these parameters also are determined for ambient

conditions within the rising cloud.

The terminal velocity subroutine used in the NRDL D-model thus

determines falling speeds for 2:1 cylinders for particles larger than
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42 microns. Below that size, however, failing speeds are computed for

spheres under the presumption that the majority of these smaller sizes

have melted, and therefore have become spheroid. Some characteristic

terminal velocities computed by the NRDL D-model subroutine using the

ARDC 1961 standard atmosphere(19) and NTS soil (P = 2.0 g/cc) are pre-

sented in Figure 2.

SIZE CHANGES AND REGIONS OF' FALL

On the basis of the failing speeds presented, it is possible to

determine the approximate location and size of regions subjected to close-

in and intermediate fallout. Idealized wind conditions are assumed,

since variations due only to terminal velocity are desired. One fact,

well recognized but not often specifically considered, should first be

emphasized, viz: that the size-frequoncy distribution of particulate

material remaining aloft as well as that being deposited during any

given period is continuously chan-ing with time. An approximate means
(20)

of gauging these changes was suggested long ago by Anderson.

Anderson's method, somewhat embellished, is presented in Figure 3.

Here, the cumulative percent for each particle size class (PCS) is

plotted against altitude at a specified time after burst. The plot is

in effect a position display of all D-model disks aloft at a given time.

The activity-size distribution in any altitude slice is determined by

the PSC's falling through that slice at a given time. Since particles

are assumed neither to be created nor destroyed, some notion of activity-

size distribution can be obtained by inspecting the section of the input

activity-size distribution as shown in the insert to Figure 3. While

the distribution can no longer be log-normal, it can usually be approx-

imated by such a distribution.

The cumulative percent of the total activity-size distribution for

each PSC is also given across the top of the plot. The difference in

total cumulative percent between the smallest and the largest completely
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traversing PSC's multiplied by the proportion of these within the slice

approximates the fraction of the total cloud activity contained. Since

the cumulative percent lines are nearly parallel for a reasonably narrow

altitude slice, all PSC's between the class just having traversed and

the class just beginning to leave the altitude slice are represented by

nearly the same proportion of their total populations as determined by

difference. Although their contribution is small, classes partially

traversing the altitude slice (either entering or leaving) may be added

using their individual weighting factors again determined by difference

(see examples in insert to Figure 3).

In a similar manner, the activity-size distribution and percent of

total cloud activity next to be deposited can be estimated by taking an

altitude slice of the appropriate thickness immediatoly above the ground.

For this purpose, a scale indicating the time a given PSC will reach the

ground has been added at the bottom of PSC lines approaching the ground.

Since the NRDL D-model can also print out mass associated with each
disk, 2 1 ) similar plots can be constructed and used to estimate particulate

mass aloft or deposited at any time, Such disk displays afford quick

ways of estimating model sensitivity to various changes involving input
particle size distributions.

Having noted the constantly changing size distribution both aloft

or being deposited, consider now the regions of fall for particles >100p

diameter (2:1 cylinders), and for two PSC's whose midpoint diameters are

50 (2:1 cylinders) and 30P Cupheres). These three regions certainly

represent close-in fallout on the one hand and intermediate fallout on

the other, with a grey region between. The farthest and closest point

of deposition downwind have been determined by means of equations re-

cently published by Ksanda!2 2 ) thus:

Dc U2 (tH2 a
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and

D f = U, (tiH) + a

whe re

D and D. the closest and farthest deposition distances from GZ,

U, and U2  the effective fallout wind speeds for the top and

bottom of the atomic cloud.

tHl and tH2 = the total time taken for a particle of stated size to

fall from the highest and lowest altitude attained

during cloud rise,

a = radius of the cloud.

The earliest and latest arrival times for a given particle, T and TV

are respectively t1H2 and tH 1 plus the time required for rise. Using

U1 = 32 mph and Ug 21 mph representing maximal seasonal winds (spring,

Southeast) and U, = 16 mph and U2 = 12 mph representing minimal parameters
(23)

(summer, North) from Callahan et al, the various distances and times

have been calculated for a range of yields and set forth in Table I.

Tabulated values for the maximal seasonal winds are plotted in Figure 4

on the same scale for all yields assuming 100 and 300 eddy-diffusional

spreads (for the latter case downwind depositional boundaries have been

reduced by approximately one third).

Figure 4 is presented to emphasize two points: first, the vast

difference in areas involved in close-in and intermediate fallout; and

second, the separation of these two regions, especially for the larger

yields. These large areas are not often seen since most local fallout

models are terminated at 24 or 48 hours leaving a good fraction of

particulate material still aloft; they are therefore included in Table I.

The separation of the two regions also bears emphasis since depositional

mechanisms, natural factors significantly influencing them, and subsequent

particulate behaviour are probably differsnt for each. Most military

models, designed for close-in regions, are not properly applicable at

thc greater downwind distances.
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Table I

Times of Arrival and I)istancos of I)opositiono

max. soasonal winds mill. soasonal wintds

U1 . 32 mph U2 -2 Imph U l16"1ph tL6 =12mph
Particle T T D D A10 A 3 D D

Slize E i 1 1  0  0 L)
(A, diam) (as ind) (as ind) (mi) (mi) (K sq mi) (K sq mi) (ml) (ml)

Y = 1 KT ZT = 14,200 ft. ZD = 6,400 ft. a = 0.45 mil,

3o 8,8h 19.h 180, 610, 26. 40. 100. 310,
50 2.2h 5.2h 43. 160, 1.7 2.7 24. 81.

lo2-103 2.2,n 1.15h 0,13 45, 0.4 -0,12 22.

Y = 10 IT ZT =25,300 ft, Z 13 11,500 it. a =1.13 mi.

30 - - (320.)(950.) 60. 100, - -

50 3.9h 8.Oh 78. 250, 4.1 5.3 44. 130.
102-101 5.0m 2.2m 0.3 68, I,0 -0.31 34.

Y - 100 KT ZT = 45,000 ft. Z1 = 20,500 ft. a = 2.8 m•,

30 1.1d 2.2d 540. 1650. 190, 340, 310, 830.
50 6.7h 13. h 140. 420. 11i 18. 76, 210.10)2-103 12. m 3",711 0,27 120. 2,6 -IO 60.

Y = 1 MT ZT = 70,100 ft. ZB = 31,500 ft. a 10 mi,

30 1.Gd 3.1d 800. 2400, 400, 840. 460. 1200.
50 lOh 18.h 190. 600, 25, 37. 110, 300.

102-103 20,m 5.0h -4.8 170, 1i. -7.0 9g,

Y = 10 MT ZT = 106,000 ft, ZB2 47,500 ft. a = 25 ml.

30 2.3d 4.6d 1200. 3500, 800, 1600. 650. 18001
50 14,.h 1.Od 260. 810. 44, 79. 140. 420,

I02-103 28,m 6.5h -16, 230. 27. -20. 130,

xNOTE: Y - yield; Z T cloud top; ZB = cloud bottom; a cloud radius;

A 10 = area for 10' eddy diffusion anglo; A30 = area for 30' eddy

diffusion angle; d .' day; Ii = hour; m minute; negative distances

= upwind; all other symbols deftied in text.
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CLOSE-IN FALLOUT

f ~The region of close-in fallout, extending to 200+ miles downwind

and depending on yield, etc., seems adequately covered (with various

Individual biases) by the constantly growing family of military fallout

models. Maximal and minimal hazards for specified military objectives

in the close-in fallout region zan be delineated. What significant

factors yet remain to be evaluated and, it necessary, incorporated into

these models? There appear to be four, viz: a) fractionation, b) base

surge phenomena, c) retention on vegetation, and d) surface roughness

factors.

The first and the last of these considerations are included in

current fallout effort recently completed or approaching completion.

Radionuclide fractionation has long been recognized as a potentially

important factor. Accordingly, computer subroutines using Freiling's

radalmodl 24-7)have been incorporated into the DOD model by NRDL

as pArt of the Particle Activity Module (PU.The possible
effect of decreasing average gamma photon energy with time after fission
on surface roughness factors has also been investigated by Tomnoveve,

Ferguson, and Weldon. (31) Their findings indicate that as gamma energy

declines, increased surface roughness attenuation is compensated by an

increased build-up factor. It appears, therefore, that average energy

changes can be neglected in surface roughness corrections. More imjpor-

tant factors appear to be the correct selection of a suitable surface

roughness factor and methods of Including topographic fnctors for a

given terrain. These and other matters are, hoWever, discussed by Dr.

Ferguson and Mr. Soule in the fourth section of this symuposium.

Base surge has been extensively described and investigated for

underwater nuclear bursts, but relatively little work has been done

cn land-surface bursts. No close-in fallout model contains a base

aurge subroutine, possibly because of the .iopeful assumption that rela-.

tively little radioactivity is so transported. A number of samples
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from Event Johnie Boy(31-33) however, showed unexpectedly large amounts

of neutron-induced activity, In some Instances more than fission product

activity (for example, see Fig. 5 of Ref. 31). The location of these

samples bore no reasonable relationship to the fallout pattern recorded

for the event. They were most frequently near and to the west of GZ, a

region topographically lower than the remainder of the fallout field.

�.Unfortunately, the number of samples analyzed for induced activity were

tew and sporadically selected so that a proper distribution pattern

cannot now be constructed; however, it can be suggested that base surge,

behaving as a density flow, deposited sufficient induced activity at

these locations to equal or exceed fission product activity from fallout.

That base surge exhibits density flow is generally accepted for water
(34-36)

bursts, but such acceptance has not been formally extended to

underground bursts. Rohrer and Knox (37) do report density flow effects

observed after a cratering H.E. shot in desert alluvium. From a heli-
copter at 2000 to 3000 ft., base surge was observed to accelerate down
a trough 60-ft. wide and having a slope of 10 to 15%. This acceleration

was relative to the remainder of the surge spreading radially over

Frenchman's Flat. Apparently there is no other documontation of the

phenomenon for underground bursts.

On a flat water surface, density flow has a convenient, geometric

symmetry; thus making .it relatively easy to incorporate into fallout

models. On land, topography can make base surge behavior considerably

more complex. If significant amounts of induced activity are indeed

transported, base surge flow could be important in the prediction of

close-in, early-time radiation hazards, Base surge could, for instance,

preferentially flow down canyons and into depressions. Furthermore,

since forest stands would also represent an increased resistance to

density flow, base surge might tend to flow along clearings or around

denser stands. Whether, due to base surge flow behavior, forest stands

could afford significant protection for troops remains an unAnswered
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question. The problem would appear, however, Lu warrant more dctailed

study.

The relative importance of fallout or base surge deposited on plant

materials must also be evaluated from the standpoint of the close-in

radiation field. Intermediate fallout deposition is discussed later;

here the nature of close-in fallout is briefly evaluated in the light of

Miller's preliminary findings on Operation Ceniza-Arena.!3-6 The de-I
position of "ceniza-arena" (ash-sand) originating from the Costa Rican

volcano Irazu was studied by groups from SRI and NRDL. Geometric means

for the deposited material ranged between 60 and 100l (sieve diam-

eter)(47,48) with a considerable percent of the total mass (10 to 20%)

less than the 43A sieve size. The density of the material was approx-

imately 2.6 g/cc. The observed deposition mechanism is simply that of

gravitational settling on plant surfaces. The size distribution re- I
tained on plant surfaces was generally the same as that on the ground,

although there was some tendency toward more efficient retention of the
(39)

smaller sizes. Hourly accumulation rates reported usually range be-

tween 0.5 to 3.0 g/ft 2 with maximal rates of short duration as high as

14 g/ft'. Such deposition rates are certainly within the range charac-

teristic of close-in fallout, e.g., 10 g/fta at the 1000 r/hr at 1 hr
(49)

contour.

Contamination factors, aLV defined as

g ceniza on lant

g plant (dry wt.)aL = ceniza on ground

are reported for a number of truck garden crops. Values of aL ranging

between 0.001 and 0.1 are characteristic. Changes with growing season

(especially for cereals) show interesting and perhaps significant trends

associated with plant development (Appendix B). In general, contamination

inder humid conditions is roughly twice that under dry conditions, or:
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a L (humid) 2 aL (dry).

Also noteworthy is the observation, applicable to larger plants (trees),

that.

aL (outermost leaves) - (2 or 3) a L (central leaves)

A second factor, the folier surface density, wp, is defLied as:

g plant (dry wt.)

p ft' of ground surface

Of special interest in the close-in fallout environment are the amounts

of fallout temporarily retained on grasses, chaparral, or forest vege-

tation. The product aLWp represents the fraction* of the total ceniza-

arena deposit so retained. This product is more meaningful for crop

plants where foliar surface density is relatively low; but for contin-

uous cover by larger plants (chaparral, forest), wp becomes so high

that, with the range of factors observed, there is sufficient plant

surface to retain more than the total fallout deposited per unit area.

Using Miller's values for aL and w p, mature grass stands are capable

of temporarily retaining up to 80% of settling fallout with a lower re-

tention factor of 10% more likely. For larger vegetation (chaparral,

forest), the surface area available is sufficient to retain temporarily

100% of depositing fallout with lower factors of 30 to 50% more probable.

Such retention is properly described as temporary since over a good

range of wind speeds (3 to 16 mph) and plant surfaces (tomato to

avocado), the half life for retention of dry ceniza-arena lies between

2 and 6 hours (axial retention or retention on plants shielded from the

wind can be longer). Under humid and/or low wind conditions, such half

lives can be increased by factors of 2 to 10. In view of the much longer

retention half-lives reported by Russell(50) and by Martin,51) ceniza-

arena half lives must be described as temporary. Removal by rain (0.4

*usage is C.F. Miller's
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inches) is nearly complete, except that plant parts near the ground can

be recontaminated by spattering. Lastly, retention half-lives are not
observed to be a function of plant loading, except in cases where

loading is so great as to cause plant failure. Removal can therefore be

assumed to be mainly dependent upon meteorological factors capable of

disturbing the deposited materiel.

Temporary retention should not be important to browsing animals

since, failing other removal, feeding disturbance alone would probably

• knock much of the contaminating material from the leaf surfaces. Tem-

porary vegetative retention can, however, be important in modifying

close-in exposure fields. Accordingly, a simple geometric approach(52"54)

has been used to estimate changes in exposure rate due to contamination

of plant surfaces. In the first case, grass is approximated by a slab

3 ft thick adjacent to a plane representing the ground (the grass is

admittedly tall, however, shorter grass produces trivial effects). A

certain fraction, f, of the total mixed fission product (MFP) deposit

(55)(1.25 Mev gamma to approximate early-time MFP spectrum ) is put on

the plane, the remainder, (1-f), is uniformly distributed in the "grass"

slab. Exposure rates at a detector 3 ft above the plane for various

degrees of grass contamination are compared *to the exposure rate with

all activity on the plane (see Figure 5). The density of grass was

estimated to be 0.005 g/cc, a value deduced from Miller's foliar surface

densities for cereal crops. Since shielding due to grass reduces the

bare plane exposure rate by a factor of 0.76, exposure rates are com-

pared to those at a detector 3 ft over a grass-covered plane.

Similar calculations have been performed for trees, assuming a

"tree" slab placed at some height above the plane, and having a density

of 0.01 g/cc.* Two tree heights and canopy thicknesses (shown in Figures

6 and 7) have been assumed; also two types of distribution within the

*see Appendix B
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canopy: one with unilurmly distributed radioactivity as in the grass

case, the second (and more likely) with the radioactivity retained in a

thin layer at the top of the canopy. In all tree cases, some protection

is afforded by the retention of activity on plant surfaces. For low

trees, (Figurc 6), the exposure rate is reduced to 0.54 or to 0.40 of

the original value depending upon the manner of distribution within the

canopy. For taller trees (Figure 7) similar reductions are 0.36 and

0.21, again dependent upon distribution within the canopy.

These numbers cannot be considered anything more than approximations;

nevertheless, they do indicate that vegetation can significantly reduce

radiation fields. Two factors may contribute to this reduction, viz:

the possibility of base surge deflection and the possibility of fallout

retention in the forest canopy. Although the environmental half life

for retention on plant surfaces can be relatively short (2 to 6 hours),

even a short retention occurring at early time might constitute a

decided advantage.

The effects of plant contamination on exposures to people within

structures adjacent to the plant cover are so complex that almost any

result can be obtained depending on the geometries and shielding factors

assumed. Where direct penetration of the structure is important, expo-

sures are particularly sensitive to the distance between the trees and

the structure, to the height of the trees, and to the traction of the

deposit retained in the trees. For a light wooden structure (10 lb/it 2

(53,54)
for floors, walls, and root), standard calculations procedures

indicate that exposures in a basement can be increased by a factor ol

10 due to direct penetration if all fallout is retained on trees (height

10 ft) which immediately surround the house (assuming no roof contamina-

tion). A similar increase would be expected in fox holes dug under trees.

KThe exposure increases would be halved if a 10-foot clearing existed

around the house or foxhole. It the roof is also assumed to be con-

taminated, exposure increases at a basement location due to tree
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(54)
location, in this same structure, the Engineering Manual indicates

a 40% increase in exposure for a 10 It elevation of tlie source. Again

roof contamination would make the relative increase smaller.

For a heavy concrete structure (5 inch floors, walls and roof),

exposures at basement locations would be relatively insensitive to

plant contamination due to the importance of in-and-down penetration

and skyshine. Roof contamination would further reduce the effects of

plant contamination, while the presence of windows would increase these

effects, again due to direct penetration. A second story location

would experience a 40% increase in exposure due to source elevation

exactly as for the lighter structure. This increase would be greater

if windows were considered and less if contamination remained on the

roof.

INTERMEDIATE FALLOUT

itnally, a comparison of certain aspects of close-in fallout with

the intermediate fallout indicates several differences which may be

important. The vast difference in surface area affected by these two

stages of fallout has already been emphasized, as has the difference

in particle sisies being deposited. The smaller-sized particles com-

posing the intermediate fallout are more influenced by meteorological

conditions in the atmosphere (vertical currents and precipitation) and

carry a greater proportion of fission products with volatile precursors.

When deposited on plant surfaces, they behave in a way which may be

different from that of ceniza-arena.
(56)

Feteris, Kessler, and Newburg have determined the influence of

vertical currents on the falling time of spherical particles as shown

in Figure 8, taken from the referenced report. It is apparent that the

effects are large when the terminal falling velocity for the particle

and the vertical component of current velocity are equivalent. D-model
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particlc sizws falling at the incicated terminal velocity at sea level

and at 30 thousand feet have been added to the figure; all sizes

classify as close-in fallout. While the influence of horizontal wind

velocities on fallout patterns is well known, the effect of vertical

currents is less so. According to Fetefis et al, "the time of arrival

of particles is delayed by updrafts and expedited by downdralts.

The duration and total accumulation of fallout.. .is increased...benoathl

intensifying updrafts and decreased beneath weakening updrafts; beneath

downdrafts, the converse holds." The depth of circulation and its

intensity influence the magnitude of these 3ffects, the greatest changes

occurring for the slowest falling particles.

It is, therefore, of interest to ascertain the likelihood of

vertical current modification of close-in and intermediate fallout. For

this purpose, some general summnary of the areas, velocities, ceilings,

and durations of such vertical developments in the atmosphere is

necessary. Since no table oY such information could be located, data i
and estimates were gathered from many sources and assembled into Table

Il. The source material underlying this table is set forth in greater

detail in Appendix A. Comparison of cross-sectional areas for vertically

moving parcels of air with areas associated with the atomic cloud or

regions of fallout is used to estimate relative importance of various

vertical movements. These movements are somewhat arbitrarily assigned

to three classes, vim:

Class I: large to very large area, relatively slow moving, rela-
tively long duration.

*Class II: intermediate to large area, intermediate to fast moving,
relatively long duration (usually orographic).

Class III: small to intermediate area, relatively fast moving,
relatively short duration (usually thermal).

From a comparison of areas (square miles versus thousands of square

miles) only Class I would appear to have a large potential for u•'fecting

intermediate fallout. Certainly thunderstorms or mass fires (Class III)
i .i,
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would influence close-in fallout, especially for the smaller yields, if

they occurred in the vicinity of GZ and shortly after burst. Such in-

fluences are borne out by Figures 9 and 10, where the altitudes above

which particles fall faster than the stated velocity are plotted against

particle size. Also indicated are the upper range velocities and

vertical developments tabulated in Table II; cumulative percentage

activity below stated size is given below the size scale. Thus, the

altitudes and maximum particle sizes at which Class II and III vertical

currents can cause large effects and their relative importance can be

appreciated. Although sea-breeze circulation has been shown to alter
(57)

fi' lout patterns, cell depths are small as shown in Figure 10, and

the effect is confined to a coastal 9trip 20 to 25 miles wide in ten-

porate latitudes.

Only intermediate fallout with terminal velocities around 1 ft/sec

or less (about 50 to 20a of the total activity) has a high probability

of being affected by meteorological phenomena (vertical currents, pre-

cipitation, etc.). Duration of transport, the large cross-sectional

area of cyclonic or frontal air movements, and the frequency of rainfall

all operate to increase this probability. Air flow around or over
(56)

mountains does affect fallout pattern shape as shown by Feteris et al,

but such changes do not alter fallout intensity except near the edges of

the very large regions subjected to intermediate fallout. Vertical

currents or rainfall do, on the other hand, cause variations in fallout

intensity ("hot spots") but can influence only those particles still

aloft, i.e., the slowly falling particles. In these size ranges, it is
(58)

generally accepted that 90' of fallout activity is washed out by rain.

Thus a difference in deposition mechanism (rain scavenging as opposed to
(59)

settling) can be postulated. Alexander's studies irk Clallam Co.

suggest that "dry fallout" in the particle size ranges characteristic of

intermediate-to-global fallout is a relatively unimportant deposition

Grenfild460)mechanism. Greenfield has quantitatively analyzed the rain scavenging
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process and found it to be highly efficiont for particle sizes in the

10 to 50$A range. Finally, it is obvious that all close-in fallout models

are not adequate for deposition mechanism's other than settling. A gray

region of considerable extent exists between close-in models and models

appropriate to intermediatv fallout. This region should be more

thoroughly investigated. A

In the intermediate region, prediction of fallout hazards extends

beyond the calculation of radiation fields to the consideration of fis-

sion product. entry into the hiosphore with plants acting as tbe principal

interface for such incorporation. A complete description of intermediate

fallout deposition and uptake Into plants is beyond the scope of this

paper; for such considerations the reader is referred to Fowler,

(62) (63)
Elsonbud, or Schultz and Klement. The intent here is to discuss

salient differences between intermediate fallout and close-in fallout as

represented by ceniza-arena.

There appear to be at least three r'mportant differences, First, is
the matter of particle sizes efficiently retained. Larson t alt

have concluded from observations made at the Nevada Test Site (NTS) that

sizes greater than about 4414 are not efficiently retained on plant

surfaces. Their observations in that desert region are largely confined

to such genera as Larrea, Artomisia, Atriplox, or Coloogyne, plants whose

vostiture is variously described as scurfy, pubescent, canescont, glan-

dular, or resinous, Such vostitUros can certainly be expected to retain

more large particles than the glabrous plant surfaces (avocado, camphor,

etc.) observed on Operation Cuniza-Arena. Unfortunately, even though

approximately 20ý of the mass~frequency distribution for ceniza-arena is

reported to be below 44p (sieve diameter)! 4 7 ' 4 8 ) the preponderance of

larger sizes is such as to mask the retention of those smaller sizes.(50,67)

Furthermore, Russell suggests that efficientlN retained sizes are

considerably smaller titan 44$. This hypothesis has recently been sub-(51)

stantiatod by the observations of Martin who finds that most of the
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r Il I02 ou t 'lntr In tI I-t Ili l1ýd Ar. r'eI 1 I (It dnt a I n noI AtI.ri;pI,lcx c'lnlIt'?t i -

)ll Vl Is less thall r). ill (In i lliett-l' (a Iall I) It111S Wit-h Vest it tire0-4 Il)'V.Si-n-

ibly marlt CaIeI)l2 1 Of I l' LIill llng I III, r p llll i1,tele C I lies .t la rli utis t rols t crl I

IIint s)) .

SeCOndly, t he halt f i. of' jillt 1 Uind Iill, I Vsl lout (Iin plain s.mlfac-es

II considlelrtably long.r than thalt eharacltrIi Stie of Ceii IntLi-alTnU indler

dtry eondi itouS, lltissel (Ix) has rleorited leal retention half lives of

14 (lays. Mair 11(51) has shownl by cxtenis iye statistical analysis that
13 1

the envirl'onmentall half lifie , T b', r'anges be l.veon 13 anti 24 days for I

and hut weon 18 and 57 days for Sr 5 
° . Ti is (1l0:1ilul us loss 4dtle to fUc-

to1,. othlelr than decay and is thoerforle1I pripurly comlparablus to eolniza-tronila

hall 1i VeS (2 I0 (I hou)tlrs uliteior simi lar cownlt I n Ion!,, i u dry, undorate

wI lids). In tillS ils taniei, the vosttture o. the dosert p)lants ImighIt

partially explain the cliscrepaney; however, differences as high as two

orders lfi magnitude sefifl too iaorge for- such an explariacion,

The shorter hall-lile shown by 1131 deserves spucial ment.ion since

this phenomeneni is apparently an example of reiructionation of volatile

fission products alter deposition. In his careful statistical analysis,

Martin (51) is able to establish a validly shorter TE for i1s3 of 14.5

duys f~or cose-in falloult at downwind distances of - 22 mi. He suggests

that I'13 in close-in fallout is in such a chemical or physical form that

loss from plant surfaces by vaporization is possible, A simailar hypoth-(69)
esis has beani advanced by Cline. Martin describes a sorting ibllf

life, Tdsi, defined as:

T TE x TEldsi T TEs - TEl

where TEa and T
Ei = tile environmental half lives for Sr"

9 
and ZI1 1

rospectively. Tdsi can be considered the length of time necessary to

sort half of a volatile fission prodcCt away from a non-volatile one.

Tdsi is - 30 days for fallout at 22 miles, implying rolatIvoly rapid

surting in comparison to Tdai 'If 189 days at more distant locations The
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pnysical and/or chemical causes for these changes in iodine behavior are

not yet fully understood.

Thirdly and finally, the probability that close-in fallout arrives

"dry" (at least in the absence of rainfall) is much greater than that

for inlermediate fallout, 90% of which is characteristically washedout
(58)

by rain. As far as subsequent uptake by the plant and relative im-

portance to agriculture is concerned, the difference between dry settling

and wet washout would appear important. Radioactive slurries or solutions

are more deeply incorporated into the cut~cular mosaic of leaf surfaces;

indeed, Moorby and Squire(70) have suggested that Sras applied to cabbage,

potato, and rye grass as a fine spray becomes airborne again after 2 to 3

weeks with the dehiscence of cuticle platelets. Within and under the

leaf cuticle, moistlire content is higher and more constant than on the

leaf surface. This condition enhances foliar uptake., a process similar

to root uptake. both requiring liquid water and beginning with a

cation exchange in the apoplast followed by a metabolically mediated ab-

sorption into the protoplasm.

The differences enumerated between intermediate fallout and ceniza-

arena may be important. No argument is raised concerning the similarity

of close-in fallout to ceniza-arena. In fact, preliminary ceniza-arena

data are used in this paper to evaluate the importance of plant retention

in the close-in region. When, however, intermediate fallout is considered,

differences in sizes retained, in environmental half life, and in the

deposition mechanism itself certainly reduce thG confidence with which

ceniza-arena data can be extended to assess agricultural hazards. More

research is required to improve the prediction of agricultural hazards

resulting from fallout. Also required is the clear recognition that pre-

sent military fallout models are sufficient for the prediction of close-

in fallout hazards, but become increasingly invalid with longer times

after burst. Therefore, meaningful extension of present model systems to

the intermediate fallout region must accompany the prescribed research.
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APPENDIX A

VERTICAL CURRENTS

The following collection of notes were hastily gathered to obtain

order of magnitude answers to such questions as:

(a) What vertical velocities are to be found in the troposphere?

(b) How big are they (cross-sectional area, height of vertical
movement, or any other appropriate measure)?

(c) What is the probability of encountering such vertical air
currents in a given region (especially of the U.S.), time of
day, or season?

(d) How long is a given parcel of air influenced by such vertical
movement?

These questions are not easily answered.* Many of the answers given

here are subject to argument. Therefore, the source data and modifying

comments from which the numerical values in Table II were estimated are

assembled into this appendix. In general, it should be noted that the

areas given are maximum cross-sectional areas for the particular phenom-

enon, while the upper range velocities given apply only to the center or

core of the development whose cross-sectional area could be 1/10 to 1/100

of the maximum. Altitudes reported are the upper range normally observed

for the phenomenon. Durations of influence on a given parcel (reported

in Table II) are estimated on the basis of average vertical velocity and

height of column. These last especially, must be considered no better

than order of magnitude estimates.

(72)
*Machta mentions among weathermen's failings: "failure to measure
vertical currents or atmospheric turbulence."
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Class 1: ,-...... a'ea iYuluLivuly blow moving, relativeiy long duration,
usually large air mass developments.

A: CYCLONES(56,71,72)_ large vertically moving parcels of air
resulting from convergence or divergence.

Area: thousands to tons of thousands sq mi (core: tens to
thousands sq mi)

Velocities: 0.03 to 1.0 ft/sec (see Notes)

Altitude: to 50K

Notes: Velocitis of 1 ft/sec are extreme values reported by
Rex; according to Machta( 7 3) normal maximum velocities should be a quar-
ter of this extreme value. Although Rex calculates that velocities can
increase on ascending, the reverse would more usually be observed since
such behavior is consistent with expansion on ascending. Particles

converge at base of updraft columns and diverge at base of downdraft col-

umns; also there is advection of particles from downdraft to updraft
regions. Vertical motions organized into upward and downward parcels
having dimensions of many hundreds of square miles.

B: FRONTS(74 -_ upglide of warm air at frontal surfaces.

Area: thousands to tens of thousands sq mi

Velocities: 0.03 to 1.0 ft/sec (see Notes)

Altitude: to 25K ft

Notes: These movements are similar to cyclones described
above. Again vertical velocities of 1 ft/sec must be regarded as extreme,
see discussion under cyclones.

C: SEA-BREEZE(5 7 ' 7 5 )- a landward current adjacent to earth's
surface with a much weaker, but deeper, return flow at low

altitude - dependent upon land-sea temperature differences.

Area: tens to twenties of sq mi for individual cells - along
coasts penetrating inland 20 - 25 mi. (temperate region).

Velocities: to 1 ft/sec

Altitude: 150 ft to 3K

Notes: Cells first develop at sea then move inland during day
until at - 1500 (time of maximum development), horizontal velocities to

35 ft/sec with accompanying vertical velocities of 1/100 to 1/50 this
value are developed. The circulation dissipates after 1500 and is

usually 1gone by 2000. Reverse flow during night is also observed. In

tropics, development can extend several hundred miles inland with vertical

developments to 10K or 12K ft.
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Ciass 11: Intermediate to large area, intermediate to fast moving, long

duration but dependent on wind speed - usually orographic

developments.

A: LEE WAVES (75,78,79)_ a laminar flow phenomenon forming in

lee of mountains, hills, and ridges.

Area: fifties to hundreds sq mi - function of topography:

can be as long as the obstacle on the ground and extend

downwind to distances of 10 to 100 ml.

Velocity: low: 1/2 to 1 ft/sec

avg: 10 to 20 ft/soc
hi: to 50 or 100 ft/sec

Altitude: 1K to 20K ft with high stability and moderate winds
15K to 50K ft with lower stability and strong winds
usually 3x to 5x height of obstacle

Notes: Foremost lee wave is strongest; wave crests are sta-
tionary. Wa,,elength is primarily a function of wind speed and atmospheric
stability (wavelengths of 1 to 10 mi. characteristic). Wave amplitude is
primarily function of obstacle shape. Waves can exist for long periods
of time (as long as wind and stability last), but mid-day turbulence tends
to weaken or oreak them up. Can reform in late afternoon or night if
wind and stable conditions continue. Parcel of air moves through lee
waves at wind speed (usually 20 to 80 ft/sec). Rotors are occasionally
formed under lee waves of large amplitude; Sierra lee waves have devel-

oped rotors rising to l1K ft. Clear air turbulence is thought to occur
upon transition from strong winds to weaker ones.

B: SLOPE TURBULENCE(75,78,79)• turbulence developed in unstable

air blowing against hills or mountain ridges

Area: tens to fifties sq mi, function of topography

Velocity: function of windspeed - usually 10 to 25 ft/sec

Altitude: 10 to 15K - usually not greater than 2 x height of
obstacle (but frontal waves reappear at 4 to 5 x
height of obstacle).

Notes: Really little data other than comments of sail-plane
pilots. If flow laminar, air tends to flow around obstacle, and there

is little lift according to sail-plane pilots.

C: MOUNTAIN-VALLEY WINDS (75,7) diurnally varying winds due to
differential heating between valley floor and ridges.

Area: tens to fifties sq mi, function of valley dimensions.
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Velocity: dovnslope (night) to 8 ft/sec; upsiope (midday) to

13 ft/sec; along valley approximately same magnitude
as reported for slope winds.

Altitude: 1000 ft above ridges; upslope at midday can continue
into cumulus development (7K to 10K ft).

Notes: These winds flow down-valley during late night; in

morning upslope winds start providing return flow for down-valley winds.
Flow reverses to up-valley winds (first with upslope, then pure up-valley)
during late afternoon. In early evening downslope winds begin, even-
tually reversing flow during late night to down-valley winds described
initially. Maximum slope velocities encountered at 100 to 150 ft above

slope surface; flow is steady on gentle slopes, tends toward gustiness
on steeper slopes. It is not uncommon for valley wind systems to run at
right angles to winds at altitudes greater than ridge height.

Class III: Small to intermediate area, relatively fast moving, short

duration - usually thermal developments.

A: THERMALS(74,77,79) thermal bubbles or columns rising from
a heat source on the ground to cloud base height where they
dissipate.

Area: 0.02 - 0.04 sq mi or 600K to 1C30K ft 2 (dia. 500-1000 ft
for single cell near ground expanding upon ascent-see
clusters, under notes).

Velocity: 6 to 20 ft/sec (near base)

Altitude: 2 to 5K ft depending on local conditions

Notes: Thermals are arbitrarily divided into mild or central
valley thermals and large or "desert"f thermals which do not develop
near coast. Velocities are characteristically greatest at the base.
Atmospheric turbulence tends to break up thermals. A cluster or family
of thermals can cover half the surface area of a sq mi-they form a
complix of downdrafts and stronger updrafts periodically breaking from
the heat source and moving with the surface wind. Fair-weather cumuli
(U.S.) have typical updrafts of 1 to 5 ft/sec preceding cloud which is
followed by somewhat weaker downdrafts. A vigorous cell lasts a few tens
of minutes; development 2K to 8K ft near coast, 5K to 17K ft in central
U.S., and 10K to 25K ft over New Mexico,

B: STRONG THERMALS(7 4 ' 7 9 )_ inland thermals developing over
playas or desert flats (more intense heat sources than found
near coasts).

Area: 0.04 to 0.15 sq mi or 800 to 3000K ft2 (dia. 50 to 2000
ft near ground expanding to I or 2 mi on ascending).
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Velocity: 20 to 30 ft/sec near ground decreasing with ascent.
Velocities in thermal core:

10-20 ft/sec = normal strong
20-30 ft/sec = very strong
20-60 ft/sec = maximum (really cumulonimbus

development, see Thunderstorm).

Altitude: to 18 or 25K ft in central U.S.
(higher development possible in thunderstorms)

Notes: Dust devils spin on ground for 2 to 5 minutes, then
thermal bubble "breaks off" and rises to 5K or 10K ft usually, but to
IK ft over Mohave or near Reno. Velocity greatest at lower altitude;
bubble expands as it asecens and vertical velocities decrease. Dust is
visable to call-plane pilots riding these thermal bubbles; therefore,
bubble acts like parcel capable of carrying dust. Further evidence of
parcel behavior; pilots say t)-ey can smell thermals, especik.lly if they
originate over a barrvard. Atmospheric turbulence tends to break up
thermals, making them less powerful sources of lift.

C- THUNDERSTORMS( 7 7 ' 8 0 )_ consist of ,eve,,al violent thermal
cells, each of which has thri, life stages. (see Notes.)

Area: 1/4 to 1 sq mi (developing); 3 to 3 sq mi (mature and
dissipating - but see notes on storm complexes).

Velocity: 50-70 ft/sec (developing)
100-120 ft/sec (mature, updraft)
50-70 ft/sec (mature, downdraft)
decreasing velocities during dissipation
(a 350 ft/sec downdraft has been reported)

Altitude: 10-15K (dcveloping)
20-25K (mature)
37-50K (dissipating)

Notes: Thunderstorms are a complex system of violent thermal
cells. Life stages of cells are: (1) developing cell- sometimes can
develop from cumulus to cumulonimbus in 10 minutes (from 3500 ft to 3 ml
in diameter) forming tall cylindrical column (height: 15K ft) of warm
air with speeds in upper part of 50 ft/sec; 2) mature cell- column
rises to heights of 20 to 25K ft, lasting 15 to 30 minutes; updraft
speeds of 100 to 120 ft/see; falling rain starts downdrafts; downdraft
speeds of 50 to 70 ft/see; 3) dissipating cell------development can reach
heights of 37 to 50K ft; vertical velocities decreasing; dissipating
stages more prolonged (can lost hours). A complex of thunderstorm cells
(- 3 mi dia.) can exist over an area of 200 sq ml with non-turbulent air
between cells. Highest velocities near cloud tops (cf. other vertical
currents); duration from 10 to 40 minutes.
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D: MASS FIRES (1-83)- consist of a complex system of convective
columns (large and small) and associated larger downdrafts over
burning fuel; phenomenon further complicated by fire whirl
formation.

(a) Convection Columns

Area: thousands to tons of thousands sq ft extending over
area of burn; function of size of hot spots and topog-
raphy.

Velocity: to 50 ft./soc inunediately over burn; at 1000 ft
velocity corresponding to strong thermals (10 - 30
it/sec) decreasing with altitude

Altitude: to 10 - 30K ft depending on size of burn and wind
shear

(b) Fire Whirls

Area: very small. - tons to hundreds of sq ft

Velocity: reaching tornado speeds (500 - 1000 ft/sec vertical
development has been observed.

Altitude: G00 to 2000 ft (maximum)

Notes: Whirls usually form on lee of burning ridges; however,
little is presently known about them.
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APPI24DIX 13

OPERATION CENIZA-ARENA

The olloiwinag not os wollu tIla •en from t he preliminary report-s of Carl
(38-4()

F. Miller ct. al If Slanord Rls,!.,rch Ititstiutet (SRI) and Iwo) filial
(47,4'8)

USNRDL roports. The nulmbers VIwVeu arL si nhply representat ive oif

thu rL' w l•atu rupolecn.uI, SLIMnc Unpa ll,-hdiud illat.e r1al, not known to the

autLhors, may alter ma.tters considerably, values given in this appendix

must he regardod as only npl)prlXimutLt until CoalfI rmud by Miller's final

report. Little attempt has been made It correlate the raw (data from on•e

preliminary report with that from others; horoforo, the data is largely

organized by basic rvirOncu.

1. ESTIMATION OF Wp AND pt FOR TREES AND GRASSES.

Foliar surface densil y, wp, is delilned:

Wp = g plant (dry wt:) assuming normal stand densitv.
ft 2 of surface

In a forest, crown int rception tends to a minimum, there:fore, the canopy

diameter is used to determine surface area covered by a forest tree. InI

the estimation of tree density, pt, certain simple geometric shapes tre

assumed to be characteristic of tree habit. Conversion from tree dira-n-

sions to dry weight is (lone by means of Woodwell's formulas.(8 4 )

dry weight of leaves = O.002hd 2

total dry weight above ground = O.029hd 2

total dry weight excluding leaves = 0,027h1( 2

where
It = tree height in incters, and

d = trunk diameter at breast height in centimeters, for dry weight
in kilograms.
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trhs formula is particularly s5c5sitive to tree diameter, a parametutr noL

yet n.oasured by Miller et at. PRt1•'nt-4 of Q'ch dinmeters were obtained

frcom menmbers of the Operation Ceniza-Aruna team. Values of w are givenP

for the whole tree (above groutnd) and for leaf weight only. The latter

is probably the beat value to be used in the estA.natlon of total retenttive

plant surface (althougkh trunk, twigs, etc., do increase that Surfiace).

Accordingly, leaf weight is used in the calculation of the percenttage of

total depxsition per unit area retained by the plant.

In the calculation of tree density, PC, Woodwell's (fry weight must

be converted to live weight. For this conversion, the live weight of

woody material is assumed to be twice dry weight and live weight of leaves

ton times dry weight. For radiation field calculations, the density of

the "tree slab" (that of the canopy only) is desired. It is therefore

assumed that 1/4 of the woody material is contained in the trunk below

the canopy. Thus, the live weight of interest becomes:

LWtrees =L2 x 0.027 x 3,"4 + 10 x 0.0021 hd 2 = 0.06hd 2 and the

(try weight formulas are, as given before-

DWleaves = O.002hd2

DW ttal= 0.029hd2

Actually the density of the "tree slab" must include air as well as plant

material. Since the amount ol air displaced by the tree is negligible

when compared to the total volume of the canopy, air density (0.001 g/cc)

is simply added to the calculated tree density and the sum reported

as Pta'

A. LAUREL TREE (Kalmia? Umbellularia? Described as small broad-leaf

trees (mountain-laurel liko), approx. I mi. from Rancho Redondo,

Station 15, Ref. 45).
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height: 15 ft, ,t -1/2 in (heiL ghts 10 I o () ft d,'nschy packed
kit a ml ) I

trunk (est 6) (DBI) , 15 cm

.. id 2  = 1- 000 

i

Canopy: 8 ft (dia,,,)

.'. A = 50 ft 2

assumed canopy shape: Splii~'u with Si ft diameteur

V -- 4/3 U (4)1 = 268 ft3 = 7.6 m3

LWtrees = 60, kg pt = .0079 g/cc ) = .01089 g/cc

DWleaves = 2.0 lkg W (lvs) = ,(0 g/f't2

Wttal 2) kg (tt)t = 58(1) g/ft 2

l (aVy) = 0.04 range: 0.001 to 0.1

W (Jvs) aL = 1.6 0. I), to 4.01) L
percent retained = 100,", 4"'ý to 100"1I

B. PINE TREE (Pinus? Described as pine-type trees on ridge near Rancho

Redondo,, Station 16, Ref, 46).

height; 25 ft, 7-1/2 m

trunk (est): 5" (DBI ), 13 cm

11(1 h - 1300

canopy: 8 ft (diam)

' A = 5( ft 2

'Niote: DBIIi diameter breast height
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assumed canopy shape: cone with 8 It base diameter and 21) f t
heiglht

V = 1/3 ,7 .12 x 20 = 335 ftt = 5w3

LW = 7H. kg I' = O OOH2 g/uc a = , ()W.;2 g/cctree•ts t t a

DWleaves = 2.6 kg w 1(vs) = 52 g/ft 2

DWtt = 38. kg w (tut) = 760 g/ft 2

•- ~tot al

t(ave) = 0.0068 range: 0.0001 to 0.02

w (lVs) a 0.035 0.0052 to 1.04

percent retained 3-1/2-' 1/2" to 100-'

C. AVOCADO (Pei-sea americana? Tree locate(d near PloEt :1, Ref. '13)

h';h : 15 f ,--/

t.iunk (est): h"' IDll], 20 cm

1'1d
2  = 18011)

canonpy: 8 it (diam)

A = 50 ft
2

assumed canol)y s]' pe: truncated cone lwith 8 It base dial", tee,
3 ft ti) diam.oter, and 10 ft height.

V I/3 ;_ (12 x 16 - (1.5)2 x 6) = 254 ft
3 = 7.2ma

3

LW =108. kg ,' = 0. (15 g/ce 0.1)16
t r'Ves t ta

DWleaves = 3.6 kg v) (lvs) 72 g/ft
2

-"1)W 51 5. kg w (to)t) = 10)8U g'/lt2
t ot.'al = 1

I2
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aL (ay.) = 0.01 range: 0.004 to 0,02

w (lvs) aL = 0.72 0.29 to 1.4P

percent rtaiaed = 72.'. 29'. to 100Oj

D. CAMPIHOR TREE (Cinnamomi um carmphora? Aborescent tree near Plot -2,

RHf. 43)

height: - 12 ft., 3-1/2 m.

trunk: 3 trunks, 2-1/2" diam; equiv. circle 4.3". 11 cm.

.hd2  
420

canopy: 6 ft

. A = 28 ft 2

assumed canopy shape: cylinder with 6 ft diameter and height
of 6 ft

V = Tr32 x 6 = 169 It 3 
= 3

lW t|.eS = 25. kg Pt = 0.0053 g/cc P = 0.0063 g/cc

DWl .84 kg w (lvs) 30 g/ft 2

DW tota = 12. kg w (tot) = 430 g/ft 2

a L(ave) = 0.016 range: 0.005 to 0.03

w (lvs) aL = 0.48 0.15 to 0.90p

percent retained = 48,", 15' to 90m.

E. "Tree" slab desities ar- affected by the assumed canopy shapes which

are debatable; therefore, desities for the -our types described are

averaged to obtain a value for tho radiation field calculations.

pta 0.01 g/cc
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F. GRASSES

Some of Miller's reported w for cereals and other plants areP

presented below; either the high value or the range of values are

tabulated:

barley oats wheat corn beans
(g/ft 2 ) (g/ft 2 ) (g/ft 2 ) (g/ift 2 ) (g/ft 2 )

1 1o 8.1 13. 9.2 3.1

2 mo 46. 37. 38. 0.2 - 2. 8.9

3 mo 32. - 60. 31. - 78. 19. - 27. 8. - 22. 5. - 13.

4 •o 35. - 59. 41, - 70. 20. - 34. 6. - 40.

5 m1 33. - 91. 37. - 81. 21. - 36. 19. - 42.

Assume w for wild grasses ranges between 20 and 80 g/ft 2 .p

aL .001 at 3 mo

.01 at 4 mo

.05 at 1 mo (lawns and young wild grasses), or at

5 me (mature grain-bearing grasses).

thus: lawns or grain-bearing grass Young wild grass mature wild grass

100' 2 to 8e 20 to 80t

Grasses may be compared with other types of vegetative cover. Thus:

GRASSES CHAPARRAL FOREST

leaves total

20 - 80 g/it 2  ? laurel 40 g/ft 2  580 g/ft 2

(probably 760

more like pine 52
forest) avocado 72 1080

camphor 30 430

Note that foliar surface density from grass to forest remains about the

same. This constancy implies a maximum leaf density beyond which photo-

synthetic efficiency begins to drop. Foliar surface density, w p, should
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exhibit a sigmoid growth curve, which it probably does although obser-

vation intervals are too long for good growth data.

Miller's reloxrted aL for cereals and other plants (range and ave. values)

are as follows:

barley oats wheat corn beans

.006-.11 .005-.05 .006-. 11 .01-1.3
m.05 .03 .06 .2

. 001- .04 .0005-.04 .001- .03 .003- .05
.05 .01 .001 .03

30-.03 .001-.02 .001-.02 .01-. 07 .007-.04
.0008 .0006 .0008 .03 .02

.006-.01 -0-.009 .0002-.01 .02-.08
m .007 .008 .004 .02

•0-. 1.002-,2
5 me _0.O- .007 .022

n.05 .06

6 mo .04-.3
.1

Trend of aL (ave) for cereals is interesting and could be charac-

teristic of growth and habit (other explanations entirely unassociatcd

with growth are also possible). The decrease by two orders of magnitude

between one-month-old and three-month-old crops suggests that as grasses

increase in height their bending in response to winds significantly de-

creases their ability to retain foliar contamination. The fact that aL

(ave) subsequently increases by an order of magnitude from a low at 3

month is probably indicative of the increased retentive capacity of the

developing heads of grain.

2. MISCELLANEOUS NOTES

A. DEPOSITION RATES

Rates of dry ceniza deposition reported range between 0.05 g/ft 2

per hour to 2.8 g/ft 2 per hour (ref. 39). One dew balance rate is

-14 g/ft 2 per hour, all in 1 hr with a zero rate for 2 hours to either
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side (suspect a stuck balance). Total loadings (if 444 g/ft 2 are

reported.

B. WIND WFATHERIING

Situation '/I (ref. 39): 2-mu-old what (wheat 1 located on windward

side of plot, wheat 2 located near conter of plot); loading

g co111z~t-
ý7 g pit (dry wt.) reference time 0600 7/18; initial aL = 0.058 and

0.042 (wheat 1 and wheat 2, respectively)

fraction remaining on pit -it (hrs) ave wind spd (mph)

wheat 1 wheat 2

.205 .113 2.50 3.2

.155 .102 2.88 4.0

.061 .180) 3.33 4.5

.043 .170 3.83 4.9

.029 1.00 5.75 5.2

.018 .127(spatter) 9.75 5.4+ 0.01" rain

Situation ./2 (ref. 40): (damp condt.; wind = 7-1/2 mph; duration

2-1/2 hr) fraction remaining on heads: barley = 0.90; oat = 0.71;

wheat = 0.68.

Situation //3 (ref. 40): (dry condt?; wind = 2.9 mph; duration = 6 hrs)

fraction remaining on plant or p)ant-part indicated:

beets 0.12 squash lvs 0.40 oat heads 0

cabbage 0.38 barley stalks 0.21 rye heads 0.23

carrots 0.30 barley heads 0,58 wheat stalks 0.25

corn 0.36 oat stalks 0,14 wheat heads 0.24

Smooth, vertical foliage plants lose 80-90," of particles in 6 hours;

other plants 66-75,'; batley heads 50)",.
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Situation /H4 (ref. 41): (dry condt?)

fraction remaining on plt at (hrs) ave wind spd (mph)

S.71 0.53 8.8

hheat .63 1.20 9.(0

,1 1 1.53 9.0

0.42 0.58 H8,8
sq~ash1 .50 1.13 9.0

Situation :45 (roi. 43):

fraction remaining on plt at (his) ave wind spd (mph)

avocado .21 6 5.3(gusts to 14.)

beet .31 6 5.3(gusts to 14.)

corn .16 6 5.3(gusts to 14.)

squash .29 6 5.3(gusts to 14.)

oat heads .71 6 5.3(gusts to 14.)

rye heads .67 6 5.3(gusts to 14.)

camphor tree .25 24 3. (gusts to 14.)

rye heads .25 24 3. (gusts to 14.)

Envirunmental half life is usually less than 6 hrs (except cereal heads);

half lives of 1 to 1-1/2 hour are often observed.

C. RAIN WEATHERING

Rain (0.4 inches) cleans cereal heads effectively but spatt.r

can recontaiiiinate (ref. 40). Spatter can only be important for low

vegetable crops. For rains between 0.4' and 0.8", the fraction remaining

on plants ranges between 0 to .3 (excepting one value of 0.6 for wheat

heads). Little trend is apparent for increased amounts of rain.
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fraction remaining on plant after

0.43" rain 0.77" rain 0.84" rain

barley heads 0.14 0.13 0.076

barley stalks -- 0,031 o.28

oat heads 0.016 -0.0 -0.0

oat stalks -- 0.15 0.096

wheat hoads 0.047 0.61 -0.(0

wheat stalks -- 0.32 0.053

squash leaves -- 0.076 --

D. WET VS DRY DEPOSITION

Usually the contamination factor under wet or humid conditions

is about twice that under dry conditions (ref. 42). Thus:

aL (wet) = 2 x aL (dry)

C,)nsiderable variation is, however, reported in this ratio (ref. 42):

aL (wct)/a L(dry); (wind = 7 mph)

bean 4.9

beet 7.2

lettuce 2.7

onion 1.4

tomato 1.1

squash (leaves) 1.2 to 1.6

Particles remain on leaves of trees when leaves are damp and tend to

continue as leaves dry; but dry particles are easily brushed off

(ref. 45).

E. LARGE PLANT CONTAMINATION

Differences in the contamination factor, aL, are observed for

various locations within the canopy of a tree (ref. 44). Thus:
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aL (outermost loaves; windward side) (2 to 3) x aL (central loaves)

Differences are also reported with height (ref. 45). Thus:

"aL = 0.001 bottom of canopy

"aL = 0.07 tup of canopy

F. PARTICLE SIZE

Mass median diameter (sieve diam.) of ceniza ranges between 60

and 100p (ref. 47).

sieve size mass remaining on sieve

495 .005

295 .034

246 .082

175 1.28

147 3.44

104 24.6

88 15.6

61 27.9

43 7.72

-43 19.2

Thus, approximately 2W6o to toal ceniza mass is less than 431A sieve

diameter.
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THE DOD lAND FALLOUT PREDICTION SYSTEM

R. C. Tompkins
US Army Nuclear Defense Laboratory

ABSTRACT

The DOD Land-Fallout Prediction System is a computer
program based on a comprehensive description of the physics
of radioactive fallout from burst until after deposition.
It is designed to satisfy the following DOD requirements:

(1) The prediction of fallout for long-range planning
purposes to include the estimation of the effects

of potential enemy attacks and the analysis of

enemy post-strike capabilities.

(2) A standard prediction system useful for deter-
mining and evaluating the intent to which given
input parameters affect prediction accuracy.

(3) A comprehensive prediction model that can serve
as the basis for the development of field opera-
tional prediction systems through selective

simplification.

The DOD model is primarily a research tool, not an
operational predictor. It is not designed to provide real-

time predictions. Emphasis has been placed upon comprehen-
siveness, flexibility, and fidelity to the physical. processes.

Flexibility is achieved by a modular design that permits
piecewise modifications and a variety of user options.

This model is being developed under the sponsorship

of the Defense Atomic Support Agency with management by the
4# U.S. Army Nuclear Defense Laboratory and participation by

the U.S. Naval Radiological Defense Laboratory and the
U.S. Army Electronics Command, A large portion of t1* work

is under contract to Technical Operations, Incorporated.

The initial version of the computer program is schedul-

ed to be available to users on 30 June 1966.
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The DOD Fallout Model was motivated by the realization that we

were faced with a proliferation of fallout prediction systems of

various degrees of complexity and generally questionable reliability.

This multitude of models resulted from largely uncoordinated efforts

by many organizations. These old models differ in basic assumptions,

technique, and nature of output. Unfortunately, they also differ in

their predictions. They certainly cannot all be right, and there is

a strong suspicion that none of them are. One disturbing character-

istic of most past models is their calibration against some particular

test detonation. Later comparisons of predictions with other tests

have usually proved embarrassing.

The DOD Model is designed to avoid these difficulties insofar as

possible. The effort is highly coordinated under the sponsorship of

the Defense Atomic Support Agency and the management of -he Nuclear

Defense Laboratory. Participating in various phases of the develop-

ment are two other government laboratories, the Naval Radiological

Defense Laboratory and the Army Atmospheric Sciences Laltratory,

and one contractor, Technical Operations Research.

The DOD Model is conceived primarily as a research tool. We

expect it to serve as a standard of comparison and as a busis for

assessing the requirements for input accuracy. Practical systems for

specialized purposes and real-time prediction will be derived from titi

DOD Model by selective simplification.

The guiding philosophy has been to approach as nearly as

possible the physical realities of the fallout process on a theoret-

ical basis. Under the severe time limitations of this project,

we have been forced into the unfortunate necessity of introducing a

certain amount of empiricism. However, we are not calibrating against

some handy test shot. Rather, we have interpolated and extrapolated

data from a number of tests to arrive at some of the parametric

constants.
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The DOD Model will take the form of a very large computer program

coded in FORTRAN IV. The program will be fully documented so that

there will be no question as to the relation between the computer code

and the underlying physics and mathematics of the model. In other

words, this model will not be a mystery known only to some computer.

The documentation will consist of a general description of the

system, a description of each module, and an operator's manual. The

format for the module descriptions is shown in Fig. 1. The operator's

manual will contain Sections H, I and J for each module.

We have placed great emphasis on flexibility in order both to

facilitate incorporation of the results of future research and to

serve the divers needs of prospective users. Mr. Schwenke has

already described the flexibility in output. Beyond this we are

constructing the model in a .modular fashion. Hence, individual

modules can be replaced as required with improved versions or

supplanted by numerical information from another source.

There are five principal modules in the program. These are:

Initial Conditions, Cloud Rise, Transport, Particle-Activity, and

Output Processor. Each of these modules in turn has sub-modules.

The Initial Conditions Module was developed by Technical

Operations under contract to Nuclear Defense Laboratory. The inputs

are weapon yield, height or depth of burst, soil category, and the

particle-size distr:bution of the preshot soil. The outputs are

temperature, mass of soil, particle-size distribution, and phase

distribution in the fireball at a specified time. This time is

taken as the end of the hover period.

The initial time was related to yiela and height of burst by

an empirical fit to data from 14 test detonations. The corresponding

temperature is obtained by extrapolating the data of Hillendahl.(1)
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Data from 9 teat detonations were used to derive the soil burden

of the fireball. Two nithodn were used to calculate mass of soil.

One was the integration of mass collections over the fallout pattern.

The other was based on the specific activity of either Cc 1 4 4 or Moss
in the collected fallout. Where both methods could be applied, the

results were in good agreement. Scaling functions for yield and height

or depth of burst were set up to be consistent with Nordyke's crater

scaling.(2

The initial time is sufficiently late that we can assume that

residence of particles in the hot regions of the cloud have been iong

enough to cause complete vaporization. On the other hand, the initial

time is sufficiently early that little particle growth could have

occurred. Therefore, we conclude that soil particles present in the

cooler regions of the cloud have the preshot soil size-freqneucy

distribution.

A satisfactory answer to the question of phase distribution has

not been found. At present we are using a tentative assumption that

20 percent of the soil mass is in the vapor state at the initial time.

The Initial Conditions Module is by far the most empirical part

of the DOD Model. We had hoped at the outset to put it on a much more

theoretical basis, but it is now evident that such a development will

require a large project of its own.

The Initial Conditions Module sets the stage for the Cloud Rise

Module which has been described for you by Dr. Norment. As early as

our original proposal to DASA for this work, we desired to include

internal circulation of the cloud in the model. In the early planning

stages, however, some doubts arose as to whether this approach could

ba carried to a successful conclusion at the present state-of-the-art.

T'ierefore, NRDL was assigned a parallel task of mod.±ying Mr. Huebsch's

Water Surface Cloud Rise model to apply to a land surface burst.
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In this way we provided ourselves with a sort of insurance. As a

result we now have two cloud rise modules.

The Transport Module and the Output Processor have already been

described by Mr. Schwenke.

The Particle Activity Module is an assembly of bits and pieces

from a number of different programs developed at NRDL. These include

Mr. Cassidy's programs(4,5) for the Freiling Radial Distribution
(6)

Model, and the Decay Analysis Routine and Buildup and Decay Routine

of Hogan, Crawford, and Goddard.(7) The structure of the Particle

Activity Module is shown in Fig. 2 which lists the FORTRAN subroutines.

Subroutine DARO reads in the nuclear transitions of the fission

products and sorts and edits them into the form required later in the

program. This subroutine is essentially the same as the Decay Analysis

Routine ol Ilogan, Crawford, and Goddard with the neutron capture reac-

tions removed. Subroutine YIELD simply reads in the fission-yield

data for the type of fission occurring in the detonation of interest,

FRACTD carries out further editing on the decay subchains. ROBIN which

stands for reorder by indices NPARNT, is a subroutine for sorting the

table of fission products into meaningful order. The computations up

to this point are required only once for any particular burst.

Subroutine INGEN computes the complex, sequential decay of the

fission product by means of the Bateman equation. The Bateman co-

efficients are computed by BATMAN and then either the abundance of

each fission product or the accumulated dose from each fission product

is computed according to the user's request.

Subroutine FRATIO takes the fission-product abundances computed

by INGEN for the time at which the cloud reaches the condensation

temperature of the soil, and computes the Freiling FR factor on the

basiF of the fission-product boiling point. This subroutine is

exercised only once for each burst.
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Subroutine GXPSR first reads in Sam nainey's exposure-rate

multipliers, ()which convert the activity per unit area of each f~ssion

product into R/hr. Tltese multipliers are then used with the fission-

product activity computed at the time of interest to compute mass

chain normalization factors. The mass chains are then distributed

over the various particle sizes on the basis of Freiling's radial

distribution model.

The Induced Activity Module was developed by Mr. Tom Jones of

NBDL. Tho basic assumption in this subroutine is that the soil

which appears as fallout will absorb all of the neutrons seen by the

apparent crater. The induced nuclides are distributed with particle

size on the assumption that they are refractory ir! the sense of

Freiling.

Subroutine MlCHDEP (for mass chain deposit) provides the user the

option of requesting the fallout of any one of 90 mass chains in curies

per cm 2. The procedure is similar to that in GXPSR except, of course,

that there are no exposure-rate multipliers here. It should be noted

that it is impracticable to have an output of individual fission-

product nuclides because the Freiling model works in terms of mass

chains. However, in most of the mass chains of concern to users such

as Civil Defense, only one member of the chain is of significance at

the times of interest.

The model will be tested against a number of test detonations.

We cannot, however, expect perfect agreement for two reasons. In the

first place there are many uncertainties in the observed fallout

patterns. Secondly, the DOD Model requires more comprehensive environ-

mental inputs, especially meteorological conditions, than are available

for test shots. However, we do require consistency.
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The initial version of the DOD Model is scheduled for delivery to

DASA on 30 June 1966. Some additional polishing of rough edges will

be carried out during the summer. DASA expects that this model will

be adopted as the standard for all DOD Agencies.
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PREDICTIONS OF SOME RADIATION PROPERTIES OF UNFRACTIONATED AND
FRACTIONATED FALLOUT FIELDS

G. R. Crocker
U.S. Naval Radilologcal Defense Laboratory

San Francisco, California

ABSTRACT

Calculations have been made of the activities, gamma-
spectra, and exposure rates at 3 feet above an infinite plane
for unfractionated fission products resulting from 12 dif-

feront fission cases. The predictions were made for 29
time points, ranging from 1 hr to 70 yr after fission. The
same calculations were made for fractionated fission products,
using an empirical method to) estimate fractionation parameters

for both high-yield and low-yield bursts and for typical cases
of both local and long-range fallout. The results of the

calculations were compared with those from previous calcula-
tions and differences between the results for the various
fibsion cases and between the fractionated and unfractionated

cases were analyzed. For uach of the 12 fission cases (at
each time point), the principal contributors to the activity
and to thu exposure rate were selected from the computer
output. In the unfractionated case, most of the sotivity
and exposure-rate at any time can be attributed to a
relatively small number of nuclides--fewer than 10. At almost
all times after fission, these principal contributors are
dominated by nuclides that are subject to fractionation, such
as the iodine isotopes, Ba1 4 0 -La1 40 , and Cs137-Ba137M. The
iodines are of particular importance for the first several

"days after fission. In fractionated fallout which is
depleted in these nuclides, such as the close-in fallout
from surface bursts, the exposure rates are much reduced.

Conversely, the exposure rates of fallout enriched in
these nuclides, i.e., world-wide fallout from surface bursts,

are increased.
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INTRODUCTION

Computer calculations wore made of the activities, the exposurc

rates at three feet above an infinite, uniformly-contaiminated plane,

and the gamma-emission spectra resulting from unfractlonated fission-

product mixtures. The input data were considerably improved over that

used in earlier calculations(11 2 , 3
'4) for the thermal-neutron fission of

U2 35. The fission-product decay chains used in the present calculation.

including half-lives and branching fractions, have been presented in

Reference 5. Chain and independent yields were taken from Reference 6,

and gamma-photon energies and abundances from Reference 7. A detailed

description of the computer program for calculating the build-up and

decay of the fission-product radio-nuclides is given iii Reference 8.,

CALCULATIONS FOR UNFRACTIONATED CASES

The present calculations have been extended to cover several fission

cases other than the thermal-neutron fission of U 2 3 5 , viz:

(1) U235 , fission-spectrum neutrons

(2) U2 3, 14-Mev neutrons

(3) U2 33, fission-spectrum neutrons

(4) Pu 2 3 9 , fission-spectrum neutrons

* (5) U238, fission-sepctrum neutrons

(6) U2 3 8 , thermonuclear neutron fission

The calculations were carried out for 29 time points, ranging

from 1 hr to 70 yr after fission. For each time point, the computer

listed the activity and exposure rate contribution for each fission-

product nuclide contributing 1% or more of the total. The gamma-spectra

calculation gave the number of photons per second emitted by the products
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of 104 fissions in each of forty 0.1 Mev cncrgy increments ranging

from zero to 4.0 May. Unfractionated fission-product normalization

factors at 1, 10, and 100 hours were aIso calculated.

This paper will present only a general discussion of the results

of the calculations, since details of the prediction for the individual

cases are being published in an NRDL report.

CALCULATIONS FOR FRACTIONATED CASES

Predictions of the radiation properties of fallout fields must refer

to a fission-product mixture of specified composition. In the unfrac-

tionated cases, the composition is implied by the mass-chain yield curve

for the type of fission under consideration. For the fractionated cases,

the composition can be simply expressed by choosing one mass chain as a

reference. Concentrations of other mass chains can then be specified

as ratios of their concentrations to the concentration of the reference

chain. Convenient units are equivalent fissions; i.e., the number of

fissions required to produce the amount of the nuclide pr'esent. In the

present calculations, the compositions are referred to equivalent fissions

of the mass-95 chain, f9." The amount of any other mass-chain i is given

by the ratio:

f i

An empirical method was used to assign values of ri 9 for the

fission-product mass chains for various kinds of fractionated fallout.

Predictions were then made of the radiation properties of the fission

products present in a sample containing 104 equivalent fissions of

Zros

The method of assigning the ri '5 values was suggested by Freiling.

The values of rss,9 5 was first assigned arbitrarily, choosing a value

known to be representative of those actually observed in fallout.
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The r were then computed from the equations:

,o = (r ae, . ) - b

where b (FR)1/2

The value of FR, the fraction of refractory atoms in a mass-chain at the

time o1 soil condensation, was computed by the build-up and decay program.

The time of condensation depended on the explosive yield of the burst and

was calculated from Miller's(10) scaling equation. The condensing soil

was assumed to be a silicate melting at 1400*C. Estimations were made

for both a large burst and a small burst for fission-spectrum neutron

fission of both U 2 35 and Pu 2 3m. For thermonuclear fission of U238, the

predictions were made for a large burst. For all these conditions, a

prediction was made for local (depleted) falloui. having r5 9 ,9 5 equal to

0.1 and for long-range (enriched) fallout with rs 9 ,ss equal to 2.0.

RESULTS AND DISCUSSION

PREDICTIONS FOR UNFRACTIONATED CASES

The results of the calculations for the thermal-neutron fission of

U2 35 were compared with earlier predictions. The gross activity decay

curve from the present calculation shows only slight differences fromthatof olle en Balou(1)

that of Bolles and Ballou. ( The exposure rates at 3 ft above an

infinite, uniformly contaiminated plane are generally about 10% lower

than those calculated by Miller,(2) but this appears to be due to a

difference in the curve used for converting photon energies in Mev to

exposure rates at 3 ft above an infinite plane. The gamma spectra for

thermal neutron fission of U2 3s are in reasonably good agreement with

(3)the prediction of Bjornerstedt, but show more significant differences
(4)

from the spectra of Nelms and Cooper. It appears that the many changes

in the input data which entered into the new calculation did not have

important effects on the gross predictions. Presumably, the effects of
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the individual changes were random in direction and magnitude and tended

to cancel out.

As was known from the earlier predictions and from experimental

measurements, the gross decay of fissLon products can be rouChly expressed

as:

log A - log A° - n log t

where A is either activity or exposure rate at time t, A is the same
0

quantity au unit time and n is a constant close to 1.2. Figures 1 and 2

show the calculated activity and exposure-rate decay curves from unfrac-

tionated fission products of the thermonuclear fission of U23
a. The slope

of the log-log decay plots does not have a constant value of -1.2, of

course, but varies continuously in the neighborhood of this value, at

least for times up to about 1 yr after fission. During this time inter-

val, a slope calculated on the basis of two points from the curve chosen

at random will generally have a value between -1.0 and -1.4. The n =

-1.2 approximation should be used with discretion in calculations which

are sensitive to fluctuations of this magnitude and should probably not

be used at all for times longer than about 1 year. The decay curves for

the seven different fission cases all appeared to obey the n = -1.2 rule

equally well.

The variation in calculated exposure rates for the different fission

cases is indicated in Table 1, which lists values of the unfractionated

fission-product normalization factors based on the calculations for 1,

10 and 100 hours after fission.

In general, the rates were highest for thermal-neutron fission of

U'35 and lowest for the fission-spectrum neutron fission of Pu23 9 for

the first several hours after fission, but crossovers occurred at later

times.
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Table 1

Values of the Theoretical Unfractionated
Normalization Factor at Three Times after Fission

R/hr per kt/m12
Fission Case

1 hr 10 hr 100 hr

U233, thermal neutrons 3270 163 8.7

U230, fission-spectrum neutrons 3110 168 8.7

U233, 14-Mev neutrons 2720 151 8.3

U233, fission-spectrum neutrons 2760 146 8.1

U 2
38, fission-spectrum neutrons 3130 163 8.3

U2 38, thermonuclear fission 2920 160 8.1
Pu 2 32 , fission-spectrum neutrons 2730 149 8.7

Figures 3 and 4 show the most important contributions from indivi-

dual radionuclides to the total activity and exposure rate from unfrav-

tionated fission products of the thermonuclear fission of U23 8 . Examina-

tion of similar plots for the other fission cases revealed numerous dif-

ferences in the relative importance of the individual radioactivities.L-

These differences result, of course, from differences in chain and in-

dependent yields. Nonetheless, the two or three leading contributors are

usually the same for all fission cases. The exposure rate, in particular,

is strongly dominated by a very few nuclides. The dominance shifts from

one xiuclide ýn another as the fission products decay. Except for brief

intervals at early times, one nuclide alone always accounts for 20% or

more of the exposure rate. For the first several days after fission, the

iodine I.sotopes--1' 2 ' through 1 1 3 -- are extremely important in determining

the exposure rates from unfractionated fission products. Other nuclides

which are invariably leading contributors (at later times) are La14 0 ,

Zr95-Nb95, and Batl 7 m. The iodine isotopes, La'4 0 and Ba'2 7M all frac-

tionate from Zr95-Nb98 in nuclear debris. At late times there is consi-

derable va:iation in the contributions of Ru1 °0 -Rh'Ds and Sb12 5 to the

activity and exposure rates for the different fission cases: This is
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due to the fact that the yields for these mass chains are quite sensi-

tive to kind of fissionable material and to the energies of the neutrons.

The gamma spectra for the different fission cases also showed dif-

ferences, but these were mainly differences in intensity rather than in

sepctral shape. It would be possible, of course, to predict spectra

showing more striking differences by increasing the resolution (decreasing

the width of the energy increments in the calculations). However, the

0.1 Mea resolution chosen is convenient and adequate for many calculational

applications. The spectra for all the fission cases show a rather pro-

nounced decrease with time in the number of high-energy photons, relative

to the number of low-energy photons.

PREDICTIONS FOR FRACTIONATED CASES

As might be expected, the predictions for the fractionated cases

are sensitive to the choice of fractionation parameters for the iodine

mass chains (131 through 135), since these iodine isotopes dominate

the gamma-radiation properties of unfractionated fission products for

several days after fission. In the prediction for long-range fallout

(r,3,,9 - 2.0), which is enriched in fractionating mass chains, the in-

fluence of these nuclides is even more pronounced. Rather surprisingly,

they lose little of their prominence in the local fallout (r.9 ,9 3 = 0.1),

which is depleted (in surface bursts) in the fractionating mass chains.

The activity and exposure-rate decay curves for fractionated fallout

(as predicted by this method) are not strikingly different in shape from

those predicted for unfractionated fallout, at least for times up to 100

to 200 days after fission. Figure 5 shows the comparison for thermonuclear

fission of U23 8. The curves for the enriched fallout, in fact, are almost

parallel to those for the unfrL.ctionated fallout. Those for depleted

fallout show somewhat more fluctuation aroutid a nominal overall slope of

-1.2. The intensity of the radiation is, of course, rather strongly

affected by fractionation. For example, in the case of fission-spectrum
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neutron fission of U935 (1.7 kt burst), the exposure rate for enriched

fallout is rather uniformly about 140% that for unfractionated fallout

for the first 20 days after fission; while that for depleted fallout is

about 40% of the exposure rate for unfractionated fallout. These figures

can be compared with field observations of the exposure rates of enriched

fallout from the Danny Boy event and depleted fallout from the Smallboy

event. If an allowance of 50% is made for reduction of exposure rates

measured in the field by ground roughness and instrument self-shielding,

the Danny Boy exposure rates were about 170% of the unfractionated value

and those at Smallboy were about 35% of the unfractionated value.(1i)

The gamma-emission spectra for the fractionated cases, like the

decay-rate curves, show strong differences in intensity from those

for the unfractionated cases but not much characteristic difference

in shape, at least for the first 100 to 200 days.

During the period between approximately 150 and 250 days after

fission the differences between fractionated and unfractionated fallout

are least conspicuous, since at this time the radiation properties of

fission-product mixtures are dominated by the reference pair Zreb -Nb9 5 .

If attention is restricted to the radiation properties of this pair,

there will be no apparent difference between an unfractionated fallout

sample containing 104 fissions and a fractionated fallout sample con-

taining 104 equivalent fissions of Zras. From one year after fission

onward, the radiation characteristics of the highly fractionated pair

Cs 18 7 -Ba 1 3 7 ný become increasingly important, and the radiation properties

of unfractionated fallout and the depleted case of fractionated fallout

diverge rapidly.

In connection with the gamma-exposure decay curves some explanation

is in order, since calculations based on the spectral predictions of Nelms

and Cooper(4) indicated an appreciably faster decay rate for fractionated

fallout, relative to the unfractionated case. The reason for this seems
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to be that the Nelms and Cooper scheme dropped the iodine isotopes cOfim-

pletely, along with bromine and the rare gases. The present NRDL predic-

tion regards these nuclides as being fractionated to an intermediate extent;

i.e., the mixture is depleted (in the local fallout case) in those nuclides

relative to Zr 1 s, but they are not completely absent; in fact, they are not

so extensively depleted as Sr and Cs. This viewpoint seema more in line

with field evidence, so far as iodine isotopes are concerned, although the

exact degree of depletion remains uncertain. On the other hand, the NRDL

fractionation scheme retains some rare gases and bromine daughter isotopes

in the fractionated mixture. It would probably be more realistic to drop

these entirely, as did the Nelms and Cooper scheme, and the computer

program is being modified to do this. However, the effect on the predictions

of gamma radiation properties will be minor, since the bromine and rare gas

isotopes contribute far less strongly than the iodine isotopes.
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GAMMA RAY FIELDS ABOVE ROUGH CONTAMINATED SURFACES

R. R. Souls
U.S. NAVAL RADIOLOGICAL DEFENSE LABORATORY

Son Francisco, California

ABSTRACT

The object of this experiment is to determine the gamma
radiation fields above uniformly contaminated surfaces of
infinite extent and varying roughness.

Radioactive contaminant (Au'es suspended in glass micro-
beads) was distributed evenly over a circular area 10 ft in
diameter in the center of various test surfaces. Ionization
chambers were employed to measure the radiation field at
various distances out to 128 meters horizontally and 16 meters
vertically from the center of the area. These data were then
operated upon to obtain the radiation fields to be expected
from surfaces of infinite extent. Comparisons of the results
from a given surface with those obtained from an ideally
smooth (glass) plane provide a measure of surface roughness.
Surfaces tested included sand, gravel and grass.

The theory and assumptions used in integrating the data
from the finite discs to determine the fields for infinite
planes are presented. Preliminary examination of the data
from the experimental work indicates the following results:

Surface Roughness Factors for Test Surfaces
at a Height of 1 Meter Above the Surfaces

Infinite Plane Dose Rate Surface Roughness
Surface (r/hr)/(c Au'9 8 /ft2) Factor

Plate Glass 77.0 1.00
Grass (wet) 61.0 0.79
Coarse Sand 50.3 0.65
Fine Gravel 47.7 0.62
Pea Gravel 42.9 0.56
Medium Gravel 44.5 0.58

Measurements were also made with a. point source of
Au1 58. Buildup factors derived from these mea'.urements are
presented.
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Recent experimentation has been performed at the Camp Parka Facility

of the Naval Radiological Defense Laboratory to determine the effect of

surface roughness upon gamma ray fields. The objective of this experi-

mentation is to determine the gamma radiation fields above uniformly con-

taminated surfaces of infinite extent and varying roughness.

0.)
In this experimentation(* radioactive contaminant is spread over a

circular area 10 feet in diameter in the center of various test surfaces.

Measurements of the radiation field are taken at predetermined distances

horizontally and vertically from the center of the area. These data are

then operated upon to obtain the radiation fields to be expected from

surfaces of infinite extent. Comparison of the results from a given

surface with those obtained from an ideally smooth (glass) plane provide

a measure of surface roughness.

In order to fully expose the assumptions and limitations inherent

in the extrapolation from a finite disc to an infinite field, the scheme

used is developed below.

A disc of finite size may be used to approximate a uniformly con-

taminated plane. The disc is large (dia. 10 ft) in relation to the

irregularities which characterize the roughest surfaces used, but is

small enough to facilitate the handling and control of the radioactive

contaminant. The radiation field (Re) measured above the center of the

contaminated disc is the first term in a series approximation to the

field (R) above an infinite plane, The second term in the series is

obtained by taking the radiation contribution (R1 ) from an annulus (1

disc diameter in width) adjoining the disc, Successive terms are com-

posed of the radiation contributions (R., RV, ... R ) from additional
n

adjoining annuli. The approximation of the radiation field due to a

contaminated infinite plane becomes better as the number of annuli

increase.

R Ro R, + Ra + R (n)
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III

If the radiation contribution (rn) from a sector of an annulus Is

known, the contribution Can) from the entire annulus can be found by

multiplying the sector contribution by bn, where bn is defined as the

ratio of the area of the annulus to the area of the sector.

area of annulus nn n n, n area of sector forn •

If the sector of an aminulus 1 disc diameter wide is chosen to have

the same area as a disc of the chosen diameter, the coefficients b are

simply multiples of 8, and the approximation can be expressed as

R ftR + 8r, + 16rg + 24r 3 + ... + 8nrn (2)

The radiation contribution (c ) from a disc of the chosen diameter, con-

tained within the annulus, can be used to approximate the radiation con-

tribution (rn) from the sector of the annulus. Differences in the actual

contribjtions of the disc and the sector can be adjuated by the use of a
correction factor kn, where k n is defined to be the ratio of the radi-

ation contribution of a sector to the radiation contribution of a disc.

n radiation contribution from sector
rn w kncn kn aradiation contribution from disc for n Z I

and then Rn = 8nr n nkc (n l) (3)

The values of the correction factors k were determined by calcu-
n

lating the radiation contributions from elemental areas of both the diso

and the sector, summing for each, and finding the ratio of the sums for

a smooth plane. The circle was divided into areas a 1 , ag, a3, ... a ,m

and the sector into areas sl, ag, s3, ..' am, at mean horizontal dis-

tances di, dg, d8, ... d from the detector (See Fig. 1). If then

response of a detector at a height h is 1 unit/unit area at unit dis-

tance, the response due to the circle will be

a -4d ad -pd' 8 -MdV

= r-. Be +rThe + M. Be mhn d Bse + -~ __ (4)
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where B is the buildup factor, e d is duc to air attanuation, and

1 is the geometrical factor. The slant range d' = (hS+d)1/. The

response due to the sector will be

6 .-Ad1 2 -di a m -j.Ld U
rn = r Bie + T- Ba e + ... + hTmT Bre (5)

The correction factor for the disc approximation of the sector con-

tribution to the radiation field will be

km I3(e)n m ai -•dj

jul

The dimensions of the disc and the sector are such that changes in

the air attenuation and buildup factors are small for changes of less

'than 1 disc diameter in the horizontal distance to the detector. Thus,

buildup and air attenuation can be assumed constant for each k deter-

mination, and k becomesn

m

k = -- (7)
n 

a
i=1

The expression I h+d cannot be easily evaluated analytically

so it was evaluated numerically. However the expression
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ir v/4n
•m • r dO dr

approaches J n toa+ ru as the width of the elementml areas
r 0

Sapproaches &aro, Analytical evaluation of the latter expression gave

results which agreed to within 0.01% with the numerical evaluation

m

of

The values of km were determined for the case of a detector located

at a height of 1 meter and for disc diameter and annuli widths of 10 ft

(See Figure 1). The value of k', for the first annulus, was found to be

0,949, kg was found to be 0.989, and the values of k for n>2 were taken
n

to be unity.

The final form of the approximation of the infinite plane radiation

field then becomes

R = RO + 8(0.949)c 1 + 16(0.989)c 5 + 24c3 + 32cv + ... + 8ncn (8)

where RO is the measured radiation contribution above the center of a

10 It diameter contaminated disc, and c is the radiation contributionn

measured at a horizontal distance of 10n ft from the center of the disc

(all measurements made at a height of 1 meter).

The basic experiment consists of measuring the total gamma radiation

field at selected heights and distances from contaminated discs of

materials of varying degrees of roughness. Gamma measurements are made

using ionization chambers. Data from these measurements are extrapolated

(integrated) to predict the doso rate for infinite plane sources.

The test surfaces used during this series of experiments were:

1. Plate glass - a smooth surface.

2. Coarse sand (1190 - 2000 A particle size) (3/64 - r/64 inches)

3. Fine gravel (2302 - 5613 A particle size) (3/32 - 7/32 inches)
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4. Pea gravel (G680 - 9423 M particle m zie) (1/4 - 3/8 inches)

5. Medium size gravel (13,330 - 15,585 ;A particle size)
(1/2 - 5/8 inches)

6. Grams (lawn type)

The isotope used for this series was Au's, a gamma emitter with an

energy of 0.41.1 Mev. The isotope, enclosed in a microbead carrier, was

uniformly dispersed at a mass loading of approximately 12 grams/sq. ft

over a 10 ft diameter disc in the center of the test surfaces.

The basic gamma measurements were taken with ionization chambers at

combinations of horizontal distances from 0 to 128 meters and vertical

distances front 1 to 16 meters from the center of the test surface.

The data from the tests where the isotope was dispersed uniformly

over the "ideally smooth surface" (plate glass) was taken as the basis

for comparison with the other surfaces of varying roughness. Thus the

surface roughness factor depends on the determination of a smooth sur-

face infinite plane exposure as well as on a rough surface infinite plane

exposure.

If certain factors, such as the build-up factors, are known, the

smooth surface exposure can be calculated to provide a check on the

experimentally obtained smooth surface exposure values. Since the

experiment was concerned with the region close to the ground-air inter-

face, it was not reasonable to use the infinite medium build-up factors

available. For this reason, a supplemental test was conducted in which

a series of measurements wore made using a gold wire as a point source

for the purpose of determining the build-up factor for Au l as under the

* conditions of the experiment.

The gold wire was 5 cm long by 0.095 cm in diameter, All radiation

measurements were made in a direction normal to the axis of the wire.

The diameter and cross section of the wire were chosen to minimize self-

absorption and eliminate angular dependence of gamma rays emitted
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perpendicular to the axis of the wire. The length of the wire was

selected mo that it was long enougb to provide the required source

strength and yet short enough so that no appreciable error was intro-

duced in considering the wire as a point source at the minimum measure-

ment distance of one meter.

The wire was irradiated to produce an initial activity of about

100 curies. The wire was then placed upon the glass plate in the

center of the test pad and radiation field measurements were made at

distances from 1 meter to 128 meters from Lte source at heights of 1,

4, 8, and 16 umeters above the plane of the glass plate.

The build-up factors as a function of position of the detector were
"•or

determined from the expression I = 1 B

where I is the intensity in r/hr at; the detector position, I is the

intensity at unit distance from the source in an infinite medium of

air, A Is the total attenuation coefficient and B is the build-up

factor.

Experimentation was conducted on a test surface located at the

intersection of two streets which are paved with asphaltic concrete.

There are no buildings in the area. A level concrete pad, 30 ft square,

was constructed at the intersection of the streets. The central 15 ft

square section was further leveled by grinding the surface flat to within

1 1/8 inch, and the test surfaqes weiv centered in this area. For the

smooth surface, six sections of 1/4 inch thick plate glass were arranged

horizontally on a 1/4 inch thick sponge rubber pac and levelod to pro-

'-4"e a smooth level test surface 11 ft square.

For the rough surfaces, a sheot of 5 mil thick plastic was placed

on the plate glaso surface and the loose material was spread on it.

(Figure 2.) A single layer technique was used in spreading the sand and

gravel test surfaces. No binder was used, and the intent was Lu sproad

a single layer of the sand or gravel and then add additional material
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until no visible holes remained in the layer. This resulted in a ]ay6I,

of the material only slightly thicker than the maximum slse of the

material.

Because the test area is In the open, a plastic dome was constructed

to cover the test surface and prevent the wind from moving the contami-

nant. The dome is approximately 14 ft square by 3 ft high, and the

3 mil thick Mylar sheeting is supported by an aluminum framework that

provides a clear span across the entire width. Since the dome is kept

in place over the teat surface at all -times, one end of the dome is

hinged to allow for the entrance and removal of the contaminant and the

contaminant dispersal equipment.

The source of radiation for all the tests was the isotope Auls'.

The radioactive isotope was enclosed in a microbead carrier for the

tests in which it was dispersed uniformly over the various test surfaces,

was a single piece of metallic gold for the point source tests. The

beads were taken to the test area in a shielded container from which

they were delivered into a disperser (Figure 3).

The disperser that distributes the microbeads onto the test surface

is a hopper mounted on a small portable motorized bridge crane. As the

hopper moved from one side of the area to the other, an auger bit in the

bottom of the hopper provided a continuous flow of the microbeads at a

constant dispersal rm-e through four outlets. Four baffles below the

outlets spread the microbeads to give an even distribution on the test

surface.

The size of the contaminated area was controlled by a mask that

rested on the framework of the disperser assembly below the level of

the hopper and baffles. light aluminum pans were fitted together to

form the mask to control the size and shape of the contaminated area

(Figure 4). The mask had outside dimensions of an 11 ft 10 inch square

and had a 10 ft diameter circular cut-out in, the center. As the

hopper moved from one side of the disperser to the other, the

325

' I _



contaminant fell on the teot uirface inside the circle while the mask

caught the excess. Complete covvrage inside the circle was obtained by

first dispersing along one side of the mask and indexing the hopper

over one hopper width after each pass. After the dispersal of the

contaminant, the disperser, including the hopper and mask containing

the excess contaminant, was removed from under the plastic dome, and

the hinged end of thu dome was closed for t1'- luration of the test.

The excess contaminant was removed from the test area and measurements

were started using Victoreen tonization chambers mounted on a light

portable mast (Figure 5).

Preliminary results are available from the experimental work.

Figure 6 shows the build up factors derived from data measured with

the point source of Auls. It is interesting to note that the 16 meter

height factors are below those for heights of 4 and 8 meters.

Figures 7 and 8 present data for the pea gravel surface and grass

surface typical of those obtained during the experiments. This type of

data was used in conjunction with equation 8 to obtain the infinite

plane exposure rates at 1 meter above the surface. Comparison of the

various surfaces with the glass surface gave measures of surface

roughnesses. The infinite plane exposure rates and the roughness factors

are given in Table 1.

A small amount of additional experimental work will be done to

obtain an indication of the effect of gamma ray energy upon surface

roughness factors. Lutetium-177 with a gamma energy of about .200 mev

will be employed on two or three surfaces for this purpose. Point

source measurements will also be made with the Lu1
7
7
.
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GAMMA RAY FIELDS ABOVE ROUGH CONTAMINATED SURFACES

R. R. Soule
US. NAVAL RADIOIJJGICAL DEFENSE LABORATORY

San Francisco, California

ABSTRACT

The object of this experiment is to determine the gamma
radiation fields above uniformly contaminated surfaces of
infinite extent and varying roughness.

Radioactive contaminant (Aules suspended in glass micro-
beads) was distributed evenly over a circular area 10 ft in
diameter in the center of various test surfaces. Ionization
chambers were employed to measure the radiation field at
various distances out to 128 meters horizontally and 16 meters
vertically from the center of the area. These data were then
operated upon to obtain the radiation fields to be expected
from surfaces of infinite extent, Comparisons of the results
froin a given surface with those obtained from an ideýally
smooth (giass) plane provide a measure of surface roughness.
Surfaces tested included sand, gravel and gruss.

The theory and assumptions used In integrating the. data
from the finite discs to determine the fields for infinite
planes are presented, Preliminary examination of the data
from the experimental work indicates the following results:

Surface Roughness FacLors for Test Surfaces
at a Height of 1 Meter Above the Surfaces

Infinite Plan% Dose RatU Surface Roughness
Surface (r/hr)/(c AuS 88 /ft 2 ) Factor

Plate Glass 77.0 1.00
Grass (wet) 61.0 0.79
Coarse Sand 50.3 0.65
Fine Gravel 47.7 0.62
Pea Gravel 42.9 0.56
Medium Gravel 44.5 0.58

Measurements were aluo made with a. point source of
Au1 9 s. Bulidup faetors derived from these measurements are
presented.
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Recent experimentation has been peIrforied at tile talip Parks ',ac¢tlity

of the Naval Radiological Defense LabIoratory to dteCrmine theoU effect 11f

surface roughness upon gamma ray fields. The o)ject, Lye of this experi-

mentation is to determine the gamma radiation fields .. ,,)ove unioraly con-

taminated surfaces of infinito extent and varying roughness.

(1)
In this experimentation radioactive cntamnannt is spread over a

circular area 10 foot in diameter in the cenlltc.' of various test surfaces.

Measurements of the radiation field are taken at prodcterminud distances

horizontally and vertically from the center of the area, These data are

then operated upon to obtain c he radiation fie lds to h)e expected f1r0m

surfaces of infinite extent. Comparison of the resulLs from a given

surface with those obtained &rom an ideal ilv smooth (glass) plane provide

a measure of surface roughness.

In order to fully expose the assumljt, I. ions and limitations inherent

in the extrapolation from a finite disc to an infinite field, the scheme

used is developed below.

A disc of finite size may be used to upproximate a uniformly con-

taminated plane. The disc Is large (die. 10 ft) in relation to the

irregularities which characterize the roughest surfaces used, but is

small enough to facilitate the handling and control of the radioactive

contaminant. The radiation field (R 0 ) measured above the center of the

contaminated disc is the first term in a series approximation to the

field (R) above an Infinite plane. The second term in the series is

obtained by taking the radiation contribution (R , ) from an annulus (1

disc diameter in width) adjoining the disc. Successive terms are com-

posed of the radiation contributions (112, i .,, ... R ) from additional

adjoining annuli. The approximation of the radiatia)n field due to a

contaminated infinite plane becomes better as the number of annuli

increase.
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If the radiation contribution (r) from a sector of an annulus isn

known, the contribution (R n) from the crtirc annulus car, be found by

multiplying the sector contribution by b n where b is defined as the

ratio of the area of the annulus to the area of the sector.

area of annulus n
n n n area of sector -

If the sector of an annulus 1 disc diameter wide is chosen to have

the same area as a disc of the chosen diameter, the coefficients b arem

simply multiples of 8, and the approximation can be expressed as

R mRo + 8r 1 + 16r 2 + 24r 3 + ... + 8nr (2)n

The radiation contribution (c ) from a disc of the chosen diameter, con-n

tained within the annulus, can be used to approximate the radiation con-

tribution (r) from the sector of the annulus. Differences in the actual

contributions of the disc and the sector can be adjusted by the use of a

correction factor k , where k is defined to be the ratio of the radi-

ation contribution of a sector to the radiation contribution of a disc.

r =kc v' k radiation contribution from sector f n a 1n n n radiation contribution from disc

and then R = 8nr = 8nk c (n Z 1) (3)a1 n n n

The values of the correctiti factors k were determined by calcu-n

lating the radiation contributions from elemental creas of both the disc

and the sector, summing for each, and finding the ratio of the sums for

a smooth plane. The circle was divided into areas a,, a 2 , a3, ... am#n

and the sector into areas sz, s2, s3, ... sm, at mean horizontal dis-

tances dl, d 2 , d 3, ... d irom the detector (See Fig. 1). If them

response of a detector at a height h is 1 unit/unit area at unit dis-

tnnce, the response due to the circle will be

at -)Ad [1 -pid 1 a I
cl = 1;1e + B S2C + p 21m F in (4)

a +dl ~ h 2+d+d hIn
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where n iR the buildup factor, e"Md' in due to air attenuation, and
1

Sis the geometrical factor. The slant range d' = (h2+dB)1/2. The

response due to the sector will be

a1 -ldI S2 -Mdi 2m -Mdý
r. Ble + j--F-- Bac + ... + ph~dyB me (5)

h .Ihd2 m

The correction factor for the disc approximation of the sector con-

tribution to the radiation field will be

MB e"di

k - (6)n m ai -

Sh 2 +d(2  Bei

i =1

The dimensions of the disc and the sector are such that changes in

the air attenuation and buildup factors are small for changes of less

than I disc diameter in the horizontal distance to the detector. Thus,

buildup and air attenuation can be assumed constant for each k deter-n

mination, and k becomes
n

m

k = (7)
n m

M a

The expression h
2

+d
2  cannot be easily evaluated analytically

i=i

so it was evaluated numerically. However the expression Tr+d

3=1
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r 1/4n

aproacheR m J' r dO dr
h--i- as the width of the elemental areas

ri 0

approaches zero. Analytical evaluation of the latter expression gave

results which agreed to vithin 0.01% with the numerical evaluation
im

The values of k were determined for the case of a detector located

at a height of 1 meter and for disc diameter and annuli widths of 10 ft

(See Figuare 1). The velue of k1 , for the first annulus, was found to be

0.949, k2 was found to be 0.989, and the values of k nor n>2 were takenn
to be unity.

The final form of the approximation of the infinite plane radiation

field then becomes

R = R0 + 8(0.949)c 1 + 16(0.989)c 2 + 24c 3 + 32c 4 + ... + 8ncn (8)

where Ro is the measured radiation contribution above the center of a

10 ft diameter contaminated disc, and c is the radiation contribution
n .

measured at a horizontal distance of 1On ft from the center of the disc

(all measurements made at a height of 1 meter).

The basic experiment consists of measuring the total gamna radiation

field at selected heights and distances from contaminated discs of

materials of varying degrees of roughness. Gamma measurements are made

using ionization chambers. Data from these measurements are extrapolated

(integrated) to predict the dose rate for infinite plane sources.

The test surfaces used during this series of experiments were:

1. Plate glass - a smooth surface.

2. Coarse sand (1190 - 2000 A particle size) (3/64 - 5/64 inches)

3. Fine gravel (2362 - 5613 p particle size) (3/32 - 7/32 inches)
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4. Pea grav.-ee±GG• - 0122 . 1..% (1/4 - 3/8 inches)

5. Medium size gravel (13,330 - 15,585 M particle size)

(1/2 - 5/8 inches)

6. Grass (lawn type)

The isotope used for this series was Aula, a gamma eml ter with an

energy of 0.411 Mov. The isotope, enclosed in a microbead c rrier, was

uniformly dispersed at a mass loading of approximately 12 grums/sq. ft

over a 10 ft diameter disc in the center of the test surfaces.

The basic gamma measurements were taken with ionization chambers at

combinations of horizontal distances from 0 to.128 meters and vertical

distances from 1 to 16 meters from the center of the test surface.

The data from the tests where the isotope was dispersed uniformly

over the "ideally smooth surface" (plate glass) was taken as the basis

for comparison with the other surfaces of varying roughness. Thus the

surface roughness factor depends on the determination of a smooth sur-

face infinite plane exposure as well as on a rough surface infinite plane

exposure.

If certain factors, such as the build-up factors, are known, the

smooth surface exposure can be calculated to provide a check on the

experimentally obtained smooth surface exposure values. Since the

experiment was concerned with the region close to the ground-air inter-

face, it was not reasonable to use the infinite medium build-up factors

available. For this reason, a supplemental test was conducted in which

a series of measurements were made using a gold wire as a point source

for the purpose of determining the build-up factor for Au'0 s under the

conditions of the experiment.

The gold wire was 5 cm long by 0.095 cm in diameter. All radiation

measurements were made in a direction normal to the axis of the wire.

The diameter and cross section of the wire were chosen to minimize self-

absorption and eliminate angular dependence of gamma rays emitted
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perpendicular to the axis of the wire. The length of the wire was

selected so that it was long enough to provide the required source

strength and yet short enough so that no appreciable error was intro-
duced in considering the wire as a point source at the minimum measure-

ment distance of one meter.

The wire was irradiated to produce an initial activity of about

100 curies. The wire was then placed upon the glass plate in the

center of the test pad and radiation field measurements were made at

distances from 1 meter to 128 meters from the source at heights of 1,

4, 8, and 16 meters above the plane of the glass plate.

The build-up factors as a function of position of the detector were
-or

determined from the expression I = I B

where I is the intensity in r/hr at the detector position, I1 is the

intensity at unit distance from the source in an infinite medium of

air, Ao is the total attenuation coefficient and B is the build-up

factor.

Experimentation was conducted on a test surface located at the

intersection of two streets which are paved with asphaltic concrete.

There are no buildings in the area. A level concrete pad, 30 ft square,

was constructed at the intersection of the streets. The central 15 ft

square section was further leveled by grinding the surface flat to within

± 1/8 inch, and the test surfaces were centered in this area. For the

smooth surface, six sections of 1/4 inch thick plate glass were arranged

horizontally on a 1/4 inch thick sponge rubber pad and leveled to pro-

vide a smooth level test surface 11 ft square.

For the rough surfaces, a sheeL of 5 mil thick plastic was placed

on the plate glass surface and the loose material was spread on it.

(Figure 2.) A single layer technique was used in spreading the sand and

gravel test surfaces. No binder was used, and the intent was to spread

a single layer of the sand or gravel and then add additional material
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until no visible holes remained in the layer. This resulted in a layer

of the material only slightly thicker than, the maximum size of the

material.

Because the test area is in the open, a plastic dome was onstructed

to cover the test surface and prevent the wind from moving the contami-

nant. The dome ti approximately 14 ft square by 3 ft high, and the

3 mil thick Mylar sheeting is supported by an aluminum framework that

provides a cloar span across the entire width. Since the dome is kept

in place over the test surface at all times, one end of the dome ts

hinged to allow for the entrance and removal of the contaminant and the

contaminant dispersal equipment.

The source of radiation for all the tests was the isotope Au'".

The radioactive isotope was enclosed in a microbead carrier for the

tests in which it was dispersed uniformly over the various test surfaces,

and was a single piece of metallic gold for the point source tests. The

beads were taken to the test area in a shielded container from which

they were delivered into a disperser (Figure 3).

The disperser that distributes the microbeads onto the test surface

is a hopper mounted on a sinall portable motorized bridge crane. As the

hopper moved from one side of the area to the other, an auger bit in the

bottom of the hopper provided a continuous flow of the microbeads at a

constant dispersal rate through four outlets. Four baffles below the

outlets spread the microbeads to give an even distribution on the test

surface.

The size of the contaminated area was controlled by a mask that

rested on the framework ' the disperser assembly below the level of

the hopper and baffles. ight aluminum pans were fitted together to

form the mask to control the size and shape of the contaminated area

(Figure 4). The mask had outside dimensions of an 11 ft 10 inch square

and had a 10 ft diameter circular cut-out in the center. As the

hopper moved from one side of the disperser to the other, the
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contaminant fell on the test surface inside the circle while thu mask

t ©caugnt the excess. Complete cuverage inside the circle was obtained by

first dispersing along one side of the mask and indexing the hopper

over one hopper width after each pass. After the dispersal of the

contaminant, the disperser, including the hopper and mask containing

the excess contaminant, was removed from under the plastic dome, and

the hinged end of the dome was closed for the duration of the test.

The excess contaminant was removed from the test area and measurements

were started using Victoreen ionization chambers mounted on a light

portable mast (Figure 5).

Preliminary results are available from the experimental work.

Figure 6 shows the build up factors derived from data measured with

the point source of 4u0e. It is interesting to note that the 16 meter

height factors are below those for heights of 4 and 8 meters.

Figures 7 and 8 present data for the pea gravel surface and grass

surface typical of those obtained during the experiments. This type of

data was used in conjunction with equation 8 to obtain the infinite,

plane exposure rates at 1 meter above the surface. Comparison ol the

various surfaces with the glass surface gave measures of surface

roughnesses. The infinite plane exposure rates and the roughness factors

are given in Table 1.

A small amount of additional experimental work will be done to

obtain an indication of the effect of gamma ray energy upon surface

roughness factors. Lutetium-177 with a gamma energy of about .200 mev

will be employed on two or three surfaces for this purpose. Point

source measurements will also be made with the Lu1 77 .
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Table 1

Surface Roughness Factors for Test Surfaces at a Height
of 1 Meter Above the Surfaces

Surface Plane Exposure Rate Surface Roughness
(r/hr)/c Autos/ftm Factor

Plate Glass 77.0 1.00

Grass 61.0 0.79

Coarse Sand 50.3 0.65

Fine Gravel 47.7 0.62

Pea Gravel 42.9 0.56

Medium Gravel 44.5 0.58
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Fig. 2. Medium Gravel Test Surface
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Fig. 3. Shieldod Container and Contaminant Dispersur



Fig. 4. Disperser and Circular Mask
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Fig. 5. Test Surface and Instrument Mast
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DISINTEGRATION RATE MULTIPLIERS
IN BETA EMITTER DOSE CAICUIATIONS*

S. L. Brown
Stanford Research Institute

Menlo Park, California

ABSTRACT

The possible biological doses from external beta emitters
will be discussed and compared with those from external gamma
emitters. A detailed analysis has been made of the dose dis-
tribution in tissue to be expected from individual beta-emitting
radionuclides in contact dose or beta bath plane geometries.
In the former case, a thin plane source is sandwiched between
two semi-infinite media, the absorber and the back-scatterer.
For the latter case, a third medium, an attenuator of finite
thickness, is introduced between the backscatterer and absorber,
with the source between the backscatterer and attenuator.
Point isotropic dissipation functions due to Spencer were inte-
grated over the plane and corrected for backscatter using his
plane perpendicular functions.( 6 ) These functions are given
for monoenergetic electrons; hence another integration was
performed over the beta energy spectrum for each radionuclide.
Spectra for nearly 400 beta-emitting radionuclides have been
taken from calculations of Hogan, Zigman, and Mackin.( 7 ) Dis-
integration rate multipliers, which convert contamination
levels in dis/sec/cm2 to dose rates in rad/sec, have boon
calculated for these radioisotopes for several depths in tissue
and widths of air gap. Simplified me els based on the beta
end-point energy will also be discussed and comparisons will
be made with the simplified results and with a simplified
gamma model. The conclusion to be offered is that beta radi-
ation can be a serious hazard in comperibon with gamma radi.-
ation if there are unprotected radiosensitive tissues at
shallow depths in the exposed organism.

*Research supported by the Office of Civil Defense.
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INTRODUCTION

The ultimate danger from the radioactivity of fission products and

other radionuclides, whether the source is fallout from nuclear weapons

or is produced by some other method, is the release of ionizing energy

in living tissue. This damage to cellular matter can range from the

death of a few cells, as occurs every day as a result of natural radi-

ation, to the massive disruption of tissue throughout the entire organ-

isa leading to immediate death, as occurs tinder exposure to enormous

fluxes of gamma radiation.

From experience with X-rays used in medical diagnosis and treatment

and from direct experimenl with laboratory animals and plants, the ef-

fects of externally applied X and gamma radiation are relatively well-

known. This aspect of nuclear hazards has also received a good deal of

study both theoretically and experimcntally as a result of the threat of

nuclear war.

A second danger from radionuclidos is introduced by internal sources,

deposited through ingestion, inhalation, injeoction, or absorption. This

danger has been recognized, but presents certain difficulties of evalu-

ation mainly because of the lack of adequate experimental information.

However, considerable progress has been made in this area by theoretical

extrapolations from available data. The internal dose models usually

treat all ionizing radiation and in particular include hoth beta and

gamma radiation. (2'3)

The final category of possibly hazardous radiation is external beta

radiation. This has had the least systematic investigation. Besides

the difficulty in interpreting the rather scanty experimental data, there

has beefn a tendency to consider this source of radiation exposure asi

being negligible in comparison with the other sources. The latter
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observation is, in fact, Justified for a number of ordinary conditions

for the following reasons. Beta rays are much loss penetrating than

gamma rays. For instance, the flux of beta particles (energetic elec-

trons, most often of negative charge but sometimes positive) will be

reduced to 1/10 of its surface value after a penetration of perhaps one

centimeter of tissue even for the most energetic particles. On the

other hand, gamma rays of ordinary energies are hardly attenuated by a

foot of tissue, so that the interior of a man's body receives practi-

cally the same dose as does his skin. For beta rays, the latter state-

ment would only be approximately true for the smallest organisms. Since

in a gross sense, most radionuclides release in total about as much

gamma as beta energy, it is clear that beta doses (absorbed energy per

unit mass) are always negligible in comparison to gamma doses in the

interior of a large animal or plant, because relatively few beta parti-

cles will penetrate to lose their energy there.

Similarly, it is found that a few meters of air will considerably

reduce the beta flux, and of course denser shielding such as afforded

by buildings or even by a few millimeters of clothing would almost as-

sure protection against the beta hazard in comparison with that from

gammas. Because of the air attenuation and the thickness of hair, skin,

bark, or the like, most large animals and plants such as trees would

probably also satisfy the above conditions.

On the other hand, it is not impossible to describe situations in

which the injury from external beta radiation can be serious or even

limiting. For instance, in the case of the Marshallese, (1'4) the oc-

currence of beta burns seemed to be much more prevalent than the ap-

pearance of a whole body radiation syndrome. This can be e.plained by

the following paragraph when coupled with the facts that the Marshallese

were essentially naked and did not attempt to wash away the fallout.

Since, as was implied earlier, a typical fission product mixture

releases roughly the same total energy in the form oF beta particles as
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in gamma photons, and since leass energy penetrates to great depths in

tissue for betas, it follows that much more energy is absorbed by the

tissues at relatively shallow depths. Hence, relatirely high beta doses

can be delivered to a thin layer of tissue in close proximity to the

source. And thus the observation that directly contaminated skin can

experience beta burns. From the same argument it is possible to de-

scribu several other situations in which comparatively high beta doses

might nbtain. Naturally, any other cases in which sensitive tissue was

directly contaminated would be included. Any animal with an unprotected

skin would fall in this category, as would plants with thin horizontal

loaves that could retain substantial amounts of fallout, where cells

below the leaf surface are the radiosensitive tissue. If the area

surrounding a junction of leaf and stem were sensitive, as it might be

in younger plants, it might be at risk from fallout caught in the cusps.

If the hazard was frum contamination on the ground surface, unprotected

small animals and plants might be severely burned. In the case of very

small organisms, such as certain of the insects and other lower orders,

even a whole body beta dose might be a problem, in that at very small

depths the beta dose can be perhaps forty times the gamma doses.(5

The purpose of the research reported here is to provide a compu-

tational basis for estimating the prevalence of such beta dose effects.

Although it is not the intention to assess the biological effects of a

given absorbed dose, it is hoped that the calculations will make it

possible to compute the absorbed dose for a variety of exposure geom-

etries corresponding to the possible configurations of sensitive tissue.*

*Although it was beyond the scope of this research to investigate the

radiosensitivity of tissues, in general the tissues which produce new
growth are the radiosensitive ones in -.. e sense that their loss is most
significant to the organism. In plants, these are known as meristematic
tissues.
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ANALYSIS

It will be assumed in this section that the basic theory of the

emission and absorption of beta par~icles is known. One calculation of

fast electron energy dissipation has been performed by L. V. Spencer

using a moments method in the continuous slo/ing-down approximation.()

The results of that computation are the b'sis of the analysis presented

in this section. The analysis is val d for forbidden as well as allowed

spectral shapes, and automatically adds the contributions for a single

nuclide that emits betas with several different end-point energies. The

detailed analysis can be compared to two simplified empirical analyses

which result in dose distributions that vary as an exponential or ex-

ponential integral of the depth in the medium.

The basic radiation source geometry assumed for all computations is

that of a thin plane source of uniform contamination. In calculating

the contact dose, the source is sandwiched between two semi-infinite

media, in which medium one is considered an absorber in which the dose

is to be calculated, and medium two serves as a backscatterer (FigurL la).

in calculating beta bath dose, a third medium, an attenuator, is iuserted

as a thick plane slab between the source plane and the absor 1hor. In this

case, the attenuator is designated medium two and the backscatterer

becomes medium three (Figure ib).
(6)

Spencer has calculated energy dissipation functions in infinite

media for two source geometries, the point isotropic source and the

plane perpendicular source. These functions, which are here designated

as JI and Jp, respectively, give the energy dissipated by the electrons

in spherical shells or plane layers, each of unit thickness, and norm-

alized by the stopping power or initial energy loss rate. They are

given in terms of the absorbing medium, prima.rily represented by its

density P, the energy E of the monoenergetic beta group, and the

distance of penetration into the medium, normalized by the range of the
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beta group in that medium. The latter parameter is delsignated by x.

He also gives values for the ranges in g/cm2 , and the stopping powers,

in Mevvcm2/g. Because the values chosen for the beta energy groups

were somewhut coarse for the present purpose, Spencer's tabulations

were interpolated and smoothed graphically before using as inputs.

For this study, the important absorbing medium in which the dose is

to be calculated is living biological animal or vegetable tissue. Since

polystyrene approximates tissue both in chemical makeup and Vspecially
(6)

in density, it waa chosen from Spencer as medium 1. Spencer does

perform calculations specifically for air, so that those results are

directly applicable for medium 2, which in the contact dose is the back-

scatterer but in the beta bath is the attenuator. In the latter geom-

etry, the backscatterer (medium 3) should be specified as soil. The

closest Spencer comen to this is aluminum, which approximates compacted

soil fairly well in mass density and to a lessor extent in electronic

density, as measured rough:Ly by the atomic number, Aluminum is also a

prominent component of certain soils, and hence was chosen as medium 3.

Since the so'Ltrce postulated in an ensemble of point isotropic
sources uniformly distributed over an infinite plane with density B

0

disintegrations per second per square centimeter of nuclide 1, the re-

sulting energy dissipation functions are integrals over Spencer's point

isotropic functions. The source strength of an element of area 21rRdR

on the plane is S = Bo(27rRdR) and is at a distance

r = + z2) (1)

from the point at which the dose rate is to be calculated, in a piane a

distance z from the source plane. The rate of energy dissipation from

this source, in Mev/cm3'sec, when Spencer's norn:ialization is taken into

account and the spherical geometry is recognized, A:

S P d J (ExP). (2)
4?rr dr I
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Therefore the total energy dissipation from the piano ispq
I(z,E,P) = B E LE J (E,xP) -3

02dr r (3)

which by making use of (1) can be rewritten as

IPEP dE y'• drI(z,E,P) = B° E LIE J JI (E, x, 1))I- (1)

Equation (4) , however, applies o>nly to a uniform absorbing medium.

Therefore, the first co~rrectionl that must be made is for the hackscat-

tering medium on the opposite side of the source plane as in the contact

dose, The assumption to be made here is that the contribution of the

backscatterer to the dose rave is indepeondent of the absorbing material.

Thus the overall dose rate in the absorbing medium~ must be corructed by

subtracting out the backscmtter contribution that would occur it the

backscattcring medium were the same as the absorbing medium• 1, and thoen

adding instead the backscattor contribution from the actual backseat-

tering medium 2. A reasonable estimate of this backscattering contri-

bution at various depths is th~e value of the piano perpen~dicular dissi-I
pation furction for negative arguments, The contribution from the
absorbing medium itself would th~en of course be proportional to ie he

plane perpendicular function for positive arguments, so that the rate of'

energy dissipation for the contact dose is approximated by

IcZFP).-I(z-,E,9 1 ) I+ ________.• (E9x) ,1)

In this expression the value to be taken for x is

x = plZ/ro(P1 ,E) , (6)

which is als•o the lower limit of integral (4) when dr/r is replaced by

dx/x. The range, re, is a function of beta energy and the absorbing

medium, as is the stopping power dE/dr in Equations (2), (3)D and (4),

Expression (5) gives the energy dissipation for a particular energy

E of a monoenergetic beta group. Actual radiornuclides emit a spertrum
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of energies with one or more end point energies, the highest of which is

here designated Em . Hogan, Zigman, and Mackin(7) have computed beta
spectra using the Fermi theory for all beta emitters for which suffi-

cient input data were available. If the fraction of disintegrations

that result in a beta of energy E in energy interval dE is, (dN/dE)dE,

then with appropriate constants the beta dose rate can be written

D = f' Em Ic(z,E,Pi) ST dE (7)

where c = 1.6 x 10 Rad/(Mev/g). The disintegration rate multiplier is

defined as the dose rate per unit disintegration rate, or alternatively

as the dose per disintegraiion and is thus

F i(z) =, (8)

where for convenience the subscript C has been dropped on the left and

is understood to be part of the geometrical description as symbolically

represented by the parameter z. The subscript i, on the other hand,

has been added to indicate that a disintegration rate multiplier can be

calculated for any beta emitter, in particular the ith one.

With one additional assumption the same metnods can be used to

estimate the disintegration rate multipliers for the beta bath geometry.

This assumption is that the effect of the interface between the attenu-

ating medium and the absorbing one can be essentially ignored by

reducing each medium to equivalence by adjusting the path length in

each according to its density. If the width of the attenuating slab is

u and the depth of penetration in the absorber J.s v, then z = u + v.

If orte recalls that in this case the absorber is still medium 1 but the

attenuator is medium 2, then it is possible to write the beta bath rate

of energy dissipation

IB(Z,E,Pl) = IC + VEIP2 (9)p . / p1V
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Since the backscattering medium is now medium 3, 1C is given by

PY ~ ,E, 3  [ Jp(E1 -XIP 3 ) - JP (E,-x 1 P2)1
C I + - vPEP 1 + J(x,) (10)

where in this case x is given by

P5  /a P1•v
r(P 2,E) P( /

The function I is the same as in Equation (4), with the appropriate

value of the arguments. Finally, the disintegration rate multiplier

is obviously

F. (z) M • I, z,EP •- dE (12)

1 p 1Bo ' dE

RESULTS

The integrals in Equations (4), (7), and (12) are not over functions

expressible in closed form, and hence the integration must be done num-

erically. The computations have been programmed for the Stanford

Research Institute Burroughs B-5500 computer. The U.S. Naval Radio-

logical Defense Laboratory made available a copy of the output tape of

their beta energy spectra, which gave the fractions of betas per dis..

integration emitted in energy increments of 0.02 Mev. These fractions

were sunmied to provide the spectral function corresponding to the

energy increments for which the dissipation functions had been sLipu-

latOd. The numerical integration obviously is least accurate when the

beta end point is very low so that only a few intervals contribute to

the sum approximating the integral. However, those emitters with end

point energies of only around one zenth of a Mev are certainly of

345



little importance in a normal fission product mixture, so that errors of

this sort are of little importance.

A more serious difficulty can arise if the depth of penetration z

is small in comparison with the range of the betas so that only one or

two of the increments in x, of 0.025 each, contribute to the sum approxi-

mating the integral in (4). Hence some care must be made in interpret-

ing the results for small z when the beta energy is relatively high.

The choice of depth in tissue or width of air gap for calculating

the disintegration rate multipliers is Somewhat arbitrary. It was not

within the scope of this research to deternine the depth at which

sensitive tissue occurs in various species. Un the basis that one

sensitive tissue (the germinative layer of human skin) is a' a depth of

about 0.1 mm, the smallest z or v to be used should at least be smaller

than this depth. It is also true that even b.otes of the higher ener-

gies are strongly attenuated by one cm of tissue; therefore the values

of z and v used are 0.003, 0.01, 0.03, 0.1, 0.3, and 1.0 em. Air gaps

smaller than a few millimeters attenuate only the softest betas. If

smaller gaps are indicated, the contact dose can be used as an approxi-

mation or the results for larger gaps extrapolated. At the otl'er

extreme, very few biological systems likely to be damag•. b .r radi-

ation have a mean height greater than one meter. Hence , 0 ( .0,

10.0, 30.0, and 100.0 cm were chosen for the air gap u. -ii•,ciQolations

are made from semilogarithmic graphs of the results. Ext-..p.,lations

for larger air gaps or depths in tissue are useful if the restriction

on the maximum range is considered.

The results for all the beta emitting nuclides on the USNRDL tape

are too lengthy to be presented here. Investigators who wish to use

these results are referred to a more complete report.(8) A sample of

these results is given in Table 1 for the radionuclide Ba 141. Although

its decay scheme is not completely verified, it serves as a good example
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because the decay schemes in current use show an energetic beta (2.833

MOO)(7) followed by an energetic gamma (0.7 Mev),(9) with no other tran-

sitions. The transition is allowed(7) with an average energy (1.158 Mev)

comparable with the gamma energy. It is a fission product of reasonably

high yield, although its half-life is only 18 minutes, making it danger-

ous in about the first hour or so after production. The units of the

disintegration rate multipliers listed in Table 1 are Rad/(dis/cm2 ).

Figure 2 shows the disintegration rate multiplier as a function of
the depth in tissue for two of the cases indicated in Table 1, and com-
pares them with beta and gamma multipliers as calculated by the simpli-

fied methods mentioned previously and described in Reference 8. Curve

1 is from the contact dose results of Table 1, whereas curve 2 is from

the beta bath results for an air gip of 30 cm. The remaining three

curves are all for the contact dose case. Curves 3 and 4 have been

calculated from the simplified exponential and exponential integral

models, respectively. The latter contains no correction for backscat-

tering. The values of 1/3,Ui (where M is the linear absorption coef-

ficient) and the maximum range Rm ai-e indicated on these curves to indi-

cate the maximum limits of validity that could possibly have been

expected for these relations. The exponential is evidently a reasonable

approximation between the lower limit and about one half of the range R .m
On the other hand, it might be possible to fit the shape of the computed

curve 1 more nicely with an adjustment in one or more of the parameters

(such as p) of the exponential integral.

Curve 5 has been added to indicate roughly the gamma dose distri-

bution from the same contamination of Ba 141. It has been calculated

from the same set of physical and geometrical assumptions that went into

the beta exponential integral model. It contains no corrections for

backscattering or the buildup factor. Nevertheless, it clearly indi-

cates that beta doses are much higher than gamma doses close to the
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Table 1

Disintegration Rate Multipliers for Ba 141

v(Ua, cu)1 0.003T 0.010 0,030 0.100 0.300 1.000

at as

v(.0.) *.2xO .515x10- 4.6544X18 2.550Rx10~ *.Og9Xu19 L2.0751t10-11

sets Rath
V. an______

Ir(0.3) 9.378xI10' G.699xIO-8 4.627X10-4 2.627x10-* 9.214X10-* 2.961X10-11

v(I .0) S.937x1O-' 6.525x1OaI 4.600k10-B 2.SB05:10a 9 .214x10-9 2 .96O1x10

7(3.0) S.113.tI10' 6.090x10-2 4.536x10'6 2.584xl10* S .S31x10 2,961x1012

F(10.0) '5.82Wx10 5.200xIO08 4.006NI10S 2.40$8210* 8.663z10-* 2.96W11101

F(30.0) 4.27Uz10-I 3.I69xI106 3.363xI10' 2.113XI10* 7.730xI10 1.73SX10-11

F(100.0) 2.353x10"I 2.28Ox10' j 2.032xI105  1.394x101* 5.1S3xz10 4.643x10"I
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surface, but that the situation rapidly reverses itself as the depth

into the tissue becomes greater.

Curves 1, 4, and 5 all have a difficulty near the origin because of

the assumed infinitely thin source. Since a real source might be hun-

dreds of microns (or tenths of millimeters) thick, the curves may be

inaccurate for depths of that order of magnitude. There is also the

problem of self-absorption in the emitter, which would reduce the entire

disintegration rate multiplier curve, and would probably also change its

shape somewhat because of the energy dependence. The gamma curve would

be about fifty percent higher if the gamma energy had been identical

with the average beta energy, but would still fall below any of the beta

curves for depths of several millimeters.

Although the comparison for other beta-emitting radionuclides will

not be specifically presented here, the conclusions would be similar.

If the beta spectrum is composed of several allowed transitions, the

disintegration rate multiplier curve is similar to the curve generated

by adding the corresponding exponential curves in the proper proportions.

A forbidden transition results in a curve that varies more from the

exponential form than the one shown in Figure 2, but is still of the

same general shape.

One feature of the calculation is that it ts not particularly sen-

sitive to the maximum beta energy or the shape of the spectrum, at least

for near-surface doses. For illustration, the disintegration rate multi-

pliers for one geometry (contact dose at depth of 0.01 cm) have been

tabulated in Table 2 for a selected group of important fission products.

This depth was chosen because it approximates the depth at ihich the

germinative layer of human skin is found, and thus would give some idea

of the hazard from fallout deposited directly on the body. Notice that

most of the multipliers are within ±50% of 5 x 10- Rad/(dis/cm2) and

only a few depart by an order of magnitude. The uniformity is even more

striking at z = 0.003 cm.
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a 
3Table 2

Summary Of contact Dose Disintegration

Ra~te MdultipliersU for B,3@cted 
Razlionuli~ldoU

(in 1.0 S Rad/(diS/cm,2) for Depth Of 0.01 cm in Tissue)

t4NId 4 Iuld r, Nluclide Nulde r

zn-72 1.974 ?4t-95 0.284 Sn-12
1  2.449 La-142 7.514

08-72 4.977 118-97 5.419 Sn-123 5.372 La-i43 6.955

ot-73 5,2771 M ,.k99 6.002 Bn-125 C.029 Ce-143 3.0701

G&-74 5.340 go -101 4.951 88-125 1. 416 e13 .2

0.-75 5,243 Mo .102 5,331 Sb-126 5.8865 Ce-144 1,508

00-77 5.570 TC-99 1.650 Bb-127 4.959 Ce-145 5.901

G.-78 4,866 TC-l01 5.340 Bb-128 6.861 Cc-146 4,164

As-7
7  4.112 TC-102 7.544 88-129 1.170 Pr-1

43 4.117

Au7 699 T~i4 6,211 Te-127 4.139 Pr-i
4 4  6,670

As-79 6.199 RU-103 0.796 Te-127A 0.066 Pr-145 .8

Be-Si 6,608 RU-lOB 5.146 Te-129 6,399 Pr-i46 6.758

seS& 6,971 Ru.lOB 0,000 TO-131 5.841 Nd-247 3.927

Dr-53h T~4 u17 728~ e-13iA 2.570 ?4d-149 4,689

Sr-84 4.393 ru-lOS 7,6.406 -3 4.879 Nd-1ll 5.602

13r-84 6,394 RjU-i0l 5,399 T -13 2 6.222 pm-147 0.850

Kr-SI 4,4 Rh_-1OG 7,009 Te-133A 4,846 pm-i
49  5.003

Kr-Sw. 3,776 Rh-b?7 5,281 1.-132 3.274 PM-ilO 4.893

Kr-SI 6,846 Pd-109 6,021 %-133 51.28 pm-ill C0431

Kr-86 4.220 pd-ill 6,026 1-133 6.189 pm-i62 56.02

RO-86 7.108 Pd-112 1,447 114 669 P-l .9

1-O 631 Ag-lu1 5,007 1-135 4.441 Sm-ill 0.000

5b8-l 5.795 g12 .2 Xe-i3
3  2,075 SM-153 4,030

SR-691 ,6319 Ag-ill 6.920 Xe-135 4.733 Sm-ill 5.594

sr-90 4,043 Cd-ill5 4,664 xe-13 7.13 S-l .2

Br91 6.91 CdilA ,6i Xe-138 6.216 EU-ill 0.325

sr-91 .1 Cd-117A 4,9681 Cs-13
7  3.891 Eu-156 4.020

sr-90 36.129 Cd-2S 4,613 Cs-138 6.454 Eu-157 5.004

7-1 167 in-lilAh 0.253 Ce-139 7.237 EU-15S 6.400

Y-92 7.042 In-1i? 4,349 -i9 624 E-I 6,1

7-3 ,61 n117A 4,183 Ba-140- 4.414 Od-ilO 4.606

y-94 7.948 In-116 7,434 a&-141 6.081 Td-161 3.278

Fr-OS 2.686 In-ill 1,703 IA-lA .03 Tb40 .7

yr-lI 6,572 In-iZO 6,069 L-4 6.0
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A summation over radionuclide abundances was carried out for two

lists representing the relative abundances of nuclides 104 (case 1) and

103 (case 2) seconds after U3as reactor runs of 20 and 600 seconds,

respectively. These lists included only fission products, of course,

but might fairly represent fallout from certain types of weapons. One

can also compute an approximate standard intensity (one hour gamma air
dose rate at three feet above the emitting plane) from these I its by

determining the number of fissions, assuming an arbitrary area of con-

tamination (108 cm2 ), and using a rule-of-thumb conversion factor from

fissions per unit area to standard intensity. Finally, the gamma dose

rates at the times specified above can be estimated by using an assumed

correction based on the t-"2 decay rule. The results of the calcu-

lation are shown in Table 3 for the three foot geometry for gammas and

the contact dose geometry for betas, and a beta to gamma ratio is also

given. This ratio is suggestive of the comparative doses from beta

radiation to unprotected contaminated skin and from whole body gamma

radiation for a human being, although exact equality of skin and ground

surface contamination is unlikely and no statements are made about the

relative sensitivity of tissues.

The cumulative absorbed beta dose with increasing depth in tissue

can also be estimated by the mechanical integration of a curve like those

in Figure 2. These results were compared with another calculation ob-

tained by Monte Carlo techniques using the overall fission product beta

spectrum of energies. The agreement is acceptable except at compara-

tively shallow depths, where the Monte Cailo representation is probably

more accurate.*

*William H. Ellett, USNRDL, private communication.
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Table 3
Beta and Oarmis Doxe Ratex

Prom FI&Xlon Product Contazninat~on

Came 1 Ca.2

3.1 x 10ý" fissions 2.1 X 10" fissions

2.98 X 1011a fissions/uq ft 1.98 xc 1O14 fisions/sq ft
l.48 r/hr a61 hr 1.48 X 100 r/hr 0 1 hr
0,434 r/hr 0 1og see 2.74 r/hr 0 IOP see

Dos~e Rate 0/v _RAtIo 0a- Pu ate ti

30 lk 18.33 md./blr 42. 141.4 wad/hr 51.
100 12.13 28. 83.9 31.

300 7.71 is. 48.4 Is.
1,000 3.75 6.6 17,7 6.5
3,000 1.21 2.8 3A4 1.2

101000 0.06 0.1 0.0 0.0
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CONCLUSIONS AND RECOMMENDATIONS

A study of the beta and gamma disintegration rate multipliers in

Figure 2 leaves no other possible conclusion but that beta radiation

can be a hazard in comparison with gamma radiation if there are unpro-

tected radiosensitive tissues at shallow depths (of the order of milli-

meters or less) in the exposed organism. This is true whether or not

an air gap separates the organism from the source, unless the air gap

is very large or the beta radiation very soft. Research is currently

under way to determine if insects and other low animal orders satisfy

the above criteria for significant beta hazards.* It is recomended

that additional research on the sensitivity of organisms to near-

surface doses of beta radiation be carried out by capable investigators.

It would also be useful to study further the effect of self-

absorption in the source on the results presented in this paper. In

addition, the results last reported could easily be extended to any

other mixture of radionuclides for which the disintegration rate multi-

pliers have been calculated. This procedure, moreover, would be suit-

able for including the effects of fractionation as a function of time

in a fission product and induced activities mixture.
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CHARACTERISTICS OF THE GAMMA-RAY ENVIRONMENT
PRODUCED BY FALLOUT FIELDS

R. L. French
Radiation Researcb Associates, Inc.

Fort Worth, Texas

ABSTRACT

The gamma-ray environment produced near the air-ground
in' 'rfaco by ground-deposited fallout must be known In

,siderablo detail lor the evaluation of the radiation
protection afforded by structurew and for other purposes
such as the study of the effects of fallout on biological
syatsma. P.o characteristics of critical importance are the
energy dLstritwtiuo and the angular distribution of the
gamma rays because the fraction of the exterior, or free-
liteld, dose which penetrates to the interior of a structure
ix highly dependent upon them, Similarly, the energy and
angular distributions influence the fraction of the free-
fluld dose which may penetrate to the critical organs of an

exposod person.

A number of measurements and calculations of the energy
and angular distributions above fallout have been made but
all of the results have significant limitations. In the
calculations, the problem is usually highly idealized by
assumptions such as an infinite plane source on a smooth
ground surface. Measurements, on the other hand, suffer
from angular resolution, and to a lesser extent, energy
resolution problems. They include the effects of ground
roughness and other perturbations peculiar to the location
of the measurement. New measurements are, of course, pre-
cluded by the Limited Test Ban Treaty.

Examination and comparison of various calculated and
measured energy and angular distribution data show reasonable
consistency and indicate a very strong peak of uncollided
gamma rays from just below the horizon and a more diffuse
scattered component which comprises on the order of 15 per-
cent of the total dose. Recent applications of these data
to shield penetration calculations, however, show that
relatively minor differences in the energy and angular
distributions can lead to large differenees in the fraction
of the dose which penetrates to the interior.
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I. INTRODUCTION

During the past decade a number of experimental aud theoretical

investigations have been made of the characteristics of the gamma-ray

environment producei by fallout deposited on the ground surface. These

investigations have been concerned with such quantities as the specific

dose rate and the gamma-ray energy and angular distribution above the

fallout field and with the effects of type of fallout, fallout age,

gr.lund roughness, and size of the contaminated area upon those quantities.

This paper describes the results of several such investigations by the

author and his colleagues at Radiation Research Associates and relates

hhem to scme results of other workers.

Our work has consisted of theoretical investigations in the

following areas:

(1) The determination of the gamma-ray energy and angular
distribution above fallout.

(2) The simulation of fallout fields by means of artificial
sources.

(3) The analysis of a shielding experiment performed in a
real fallout field.

(4) The evaluation of several approaches for incorporating
ground roughness effects in calculations of the fallout
gamma-ray environment.

(5) The calculation of the ganuna--ray depth dose patterns produced
in a phantom by fallout and by simulated fallout.

(6) A Monte Carlo study of barrier attenuation factors for use
in fallout shielding calculations.

The first two investigations were completed approximately two

years ago. The second two were performed during the last year and the

last two are currently in work. The following sections summarize the

individual investigations and, where possible, give comparisons with

the results of other investigators.
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II. GAMMA-RAY ENERGY AND ANGULAR DISTRIBUTIONSo

In this investigation,(W the LOS Monte Carlo Procedure(2) was

used to calculate the energy and angular distribution of the photon

flux 3 feet in air above infinite plane sources of monoenergetic

gamma rays with energies of 0.10, 0.14, 0.25, 0.40, 0.67, 0.85, 1.25,

1.75, 2.50 and 3.50 MeV. The results of these individual calculations

were weighted by the 235U fission product decay spectra of Nelms and

Cooper(3) and then combined to obtain data for fallout of several

different ages.

The geometry of the calculations is shown in Figure 1. For each

source, the direct-beam and scattered fluxes at the receiver were

computed in each of ten energy intervals between 0.04 and 3.5 MeV and

eighteen equal receiver angle (0) intervals between 00 and 1800. In

addition to the fluxes, the dose rate arriving through each ten-degree

interval of receiver angle was computed. All results were integrated
over azimuthal angle (0) to reflect distribution in receiver angle

only.

For the direct-beam calculations, exponential and inverse square

attenuation were considered and an air composition of 22 percent

(number density) oxygen and 78 percent nitrogen was assumed.
(4)

Grodsteints gamma-ray cross sections and an air density of

1.29 x 10-3 grams/cm3 were used. The direct-beam calculations required

an integration of the attenuation kernel over the surface of the

infinite plane source. The receiver angle (0) was selected as the

variable of integration and, using a machine program, an increment

AO of one minute was used in integrating over each ten-degree interval

of receiver angle.

*Based on work sponsored by the Armed Forces Radiobiology Research

Institute, Defense Atomic Support Agency, under Contract
No. DA-49-146-XZ-254.
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A ground composition corresponding to Nevada Test Site soil

was used in tho Monte Carlo calculation of the air- and ground-scattered

fluxes. The LWS program allowed essentially exact representation of

the air-ground geometry and composition. The infinite plane source,

which could not be treated directly by the program, was approximated

by a set of 23 point isotropic sources, each of which represented an

annular area on the infinite plane source. These point sources wore

carefully positioned to obtain a smooth integration and extended to

a distance of 1600 feet from the receiver.

In a point isotropic source calculation, the LOS Monte Carlo

Program selects source emission directions at random and follows

each photon through a path or random walk generated by random sampling

from collision probability distributions and angular scattering dis-

tributions for the material being penetrated. Upon each collision,

statistical estimation is applied to compute the probability that the

scattered photon will go directly from the scattering center to the

receiver without further interaction. These probabilities are scored

at the receiver according to the photon's energy and the angle

through which it arrives. An adequate number of photon paths or

"histories" must be computed to insure a representative distribution

of scattering events in the media about the source and receiver. The

Monte Carlo estimate of the flux at the receiver is then the sum of

the probabilities accumulated from all histories divided by the total

number of histories.

A total of 2300 histories were run for each source energy. This

number was generally adequate to keep the indicated standard deviation

of the total fluxes below approximately 10 percent. Each photon

history was terminated upon the 15th collision or upon the photon

energy being degraded below 0.04 MeV. The full results of these

calculations have been reported in the open literature(1) and they
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have been used extensively in some of the other studies to be

described. Thus we will confine the present description to some

comparisons with other results.

The results of the monoenergetic plane source calculations may

be conveniently summarized in terms of the dose buildup factor which

is convenient for examining the relative importance of the direct-

beam and the scattered dose. The buildup factor is defined as the

ratio of the total dose to the direct-beam dose. As shown in Figure 2,

it decreases rapidly with increasing energy up to approximately 1.0 MeV

and then remains relatively constant. Buildup factors measured by

Rexroad and Schmoke(5) for infinite plane sources simulated by
127Cs and e 0Co point sources on the ground are within 5 to 10 percent

of the corresponding Monte Carlo values. The buildup factor for
(6)O°Co measured by Schlemn, et al. is approximately 4 percent lower

than the Monte Carlo value.

Since the original publication of these results, considerable

attention has been given to the question of the exact values of the

specific dose rate and the dose buildup factor for a receiver 3 feet
(7)

above an infinite plane source (1.25 MeV). In addition to the

data from the above Monte Carlo calculations, the specific dose rate

and the dose buildup factor are available, or may be inferred, from

six or more different experimental investigations and from a lesser

number of other calculations. Comparisons of the other results

along with those shown in Figure 2 indicate inconsistencies on the

order of 10 percent. Although some of these results were lower than

the Monte Carlo results, the overall comparisons suggested that the

Monte Carlo results could be too low.

Through the cooperation of Charles Garrett of the Armed Forces

Radiobiology Research Institute, the Monte Carlo calculation for

1.25 MeV was extended to obtain results based on 19,320 histories
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As compared to only 2300 for the original problem. The dose buildup

factor increased from 1.153 to 1.171 but the indicated stntiqt1cal

deviation of the calculation remained at approximately 10 percent.

Th,, best value for the specific dose rate and the dose buildup factor

for a receiver 3 feet above an infinite plane S°Co source is still a

matter of speculation.

The angular distribution of the gamma-ray dose rate three feet

aiove a 1.12-hour fallout field, shown in Figure 3, is strongly

peaked between 80 and 900 because most of the direct-beam radiation

from the infinite plane source arrives in this angle interval, These

:iata were obtained by folding the monoenergetic source data with the

energy spectrum of the non-volatile fission products of 2 35 U as given
(3)

by Nelms and Cooper. Also shown in Figure 3 is the dose angular

distribution 3.3 feet above a 1.12-hour fallout field as given by

Spencer(8) who used the moments method and assumed an infinite water

medium in performing calculations for the same source spectrum. The

two angular distributions are in substantial overall agreement and,

based on exploratory calculations performed with the LOS Monte Carlo

Program, it appears that tha differences which do exist for receiver

angles greater than 90 degrees may possibly be attributed to the

increased buildup within the infinite water medium assumed in the

moments method calculation.
(9)

Mather, et al. measured the energy and angular distribution

one meter above a 9-day fallout field. His measurements included a

source spectrum which differs considerably from the theoretical

spectrum given by Nelms and Cooper. Hence a special calculation was

made using Mather's source spectrum to weight the monoenergetic plane

source data. The upper set of data in Figure 4 compare Mather's

spectrum measured at 85 degrees to that calculated (using Mather's

source spectrum) for the interval 800<0<900 and the lower set compares
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the measured spectrum at 95 degrees to that calculated for 900<0<1004.

The measured and calculated spectra at 850 are comprised largely of

direct-beam radiation and agree within approximately 25 percent in

all energy groups above 0.10 MeV. The calculated and measured spectra

for 900<0<1000 agree almost equally well, although they are due entirely

to scattered radiation.

III. SIMULATION OF FALLOUT FIELDS*

The simulation of fallout fields by artificial sources is of

interest to the experimentalist who wishes to investigate the nature

of the fallout gamma-ray environment, perform fallout shielding

experim'nts, or study the radiobiological effects of fallout.

Simulated fallout offers the advantage of controlled experimental

conditions and avoids many of the obvious problems associated with

real fallout. Our work in this area consisted of examining the

extent to which the fallout gamma-ray environment can be simulated by

three different approaches ranging from a very simple method to a very
(10)

sophisticated method.

Perhaps the simplest device for simulating fallout would be a

single point source located a sufficient distance from the subject for

the air- and ground-scattered components to provide some diffuseness

in both energy and angular distribution. Accordingly, L05 Monte Carlo

calculations were performed for a point 6 °Co source located at

horizontal separation distances of 100 to 800 feet from a receiver

located 3 feet above the ground surface. Energy and angular distribu-

tions at the receiver were calculated in the manner described in the

preceding section; the only difference was in the source definition.

* Based on work performed for the Armed Forces Radiobiology Research
Institute, Defense Atomic Support Agency, under Contract No.
DA-49-146-XZ-254.
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Comparison of these energy and angular distributions with those

above fallout indicated that the optimum separation distance was

about 200 feet. Figure 5 shows an overall comparison of the energy

and angular distribution at a receiver 3 feet above 1.12-hour fallout

(center) and from the point O°Co point source at a distance of

200 feet (right). The energy scale in Figure 5 is arranged in energy

groups corresponding to those used in the Monte Carlo calculations.

The logarithmic vertical scale jives the photon flux (in units of

photons/cm2 -sec-steradian normalized to unit total dose rate as a

function of angle in each energy group.

At receiver angles greater than 90 degrees, where all photons

are from air scattering, the-"aC6point source data show considerable

similari-y to the fallout data except, of course, above the 1,0-1.5 Mev

energy group in which the O°Co source cannot contribute. Below

90 degrees there is little similarity due to the strong direct-beam

component from the fallout source which is not present for the point

source.

The next level of sophistication in simulating a fallout field

consists of using a "pseudo-infinite" plane source of a single source

material. This approach, which has been used in many experiments,

is feasible because a finite plane source of reasonable dimensions

is effectively an infinite source in terms of the radiation intensity

3 feet in air above the source. As an example, for a source energy

of 1.25 MeV, 75 percent of the dose originates within 100 feet of

the receiver. (11) Approximately 99 percent of the dose comes from

within 1000 feet.

The simulation of fallout by pseudo-infinite plane sources of

radioactive materials was investigated using the Mot-ite Carlo data

described in the previous section. The upper set of data in Figure 6

compares the energy distribution of the total photon flux 3 feet
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above infinite plane sources of M1 Cs and O°Co to that above a

1.12-hour fallout source. The 1 3 7Cs and O°Co data are normalized

to give the same total dose rate as that above the fallout which is

based on the fission products of one 238 U fission per cm2 . The 137Cs

and O°Co spectra bear little resemblance to the fallout spectrum

except for the degraded components below approximately 0.5 MeV. The

principal deficiencies in the energy spectrum simulation occur above

the maximum photon energies emitted by the two isotopes.

The lower set of data in Figure 6 shows how the differential

energy spectrum above a mixed source of '"Ce (-0.1 MeV), 13Cs (-0.67 MeV)

and G°Co (-.1.25 MeV) compares with the fallout Ppectrum. The amount

of 144Ce, 17Cs, and OaCo was selected to correspond with the fallout

P:ource strength for E<0.25 MeV, 0.25<E<1.00 MeV and E>1.O0 MeV,

respectively. The spectrum from the mixed source shows stronger peaks

and valleys (due to the direct-beam lines) but otherwise follows the

fallout spectrum in general shape up to maximum energy provided by

the mixed source.

Figure 7 showz a corresponding set of comparisons of the differential

angular distribution of the total dose above tne various sources. Both

the 1 37 Cs and 00Co sources are seen to provide good simulatiou of the

fallout dose angular distributions except at very high angles at which

only scatterad photons may contribute to the dose. The deficiency at

the high angles is essentially eliminated by the mixed source.

Included in Figure 5 is an overall comparison of the energy and

angular diatribution above the 144Ce- 1 3 7 Cs-S°Co source (left) and the

1.12-hour fallout source (center). The surfaces generated by the energy

and angular distributions above the two sources are generally similar

except for the absence of 144Ce-13Cs-eoC photons in the energy

groups above 1.50 MeY.
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The most sophisticated fallout simulator which was evaluated

was the so-called "compact" simulatur pruposed by tho Armed Forces

Radiobiology Research Institute.(12) Basically, the compact simulator

consistb of a 60-foot radium disc of 14 4 Ce, 1
3
7Cs and 0°Co on the ground

surface with a "rim" source of the same three isotopes at a height of

2.5 feet above the outer edge of the disc source. Six feet above the

disc source is a thicit slab of water, also with a radius of 60 feet.

The philosophy behind the compact simulator is that within some

usefully large volume about the center of the system, the rim source

will be a virtual source for that portion of the infinite plane source

not represented by that disc source, and that the water slab will act

as a scattering medium for photons from both the disc and rim source

to simulate skyshino from an infinite plane source.

The compact simulator was found to produce virtually the same

ganmma-ray energy and angular distribution as did the 1 4 4Ce-1 3 Cs- 0°Co

infinite plane source.

IV. ANALYSIS OF FALLOUT SHIELDING EXPERIMENT*

Four multilayer enclosure shields were exposed to fallout

16,000 feet downwind from Shot Small Boy during Operation Sunbeam.
(13)The experiment, designated Project 2.15, consisted of measuring

the gammua-ray dose rates both inside and outside the enclosure

shields for periods of 1 to 6 days following the detonation. The

analysis consisted of calculating the dose transmission factors

(inside dose rate divided by outside dose rate, D/Do) of the enclosure

shields on a theoretical basis and comparing with similar factors
(14)

derived from the experimental results. The purpose of the

*Based on work funded by the Office of Civil DefensQ through the Terminal

Ballistics Laboratory, BRL, Aberdeen Proving Ground, Md., under contract
DA-23-072-AMC-332 (X).
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Two of ti) enclosure shields wore CUbical LOn cois.uitnd of a

4-inch inner layer and a 1-inch outer layer of iron separated by an

l1-inch space which could be filled with water. One of the cubical

shields, designated Shield 2 (See insot, in Figuro 8) had an inside

dimension of 24 inches whereas the othor cubical shield. designated

Shield 3, had an inside dimnision of only 6 inches. Both cubical

shields were covered by n 1/8-inch layer of oluminum and a 1/4-inch

layer of Boroxy. The other two enclosure shields were splhrical and

had an inside diameter of 24 inches. One spherical shield, Shield 4

(see Figure 9) had layer thicknesses similar to Shield 2. The other,

Shield 5, coinisted of two 1.-inch layers of iron separated by a 2-inch

space which could be filled with water. Both spherical shields were

covered with a 1/4-inch layer of Boroxy.

Prior to the detonation, the shields were pouitioned with their

geometric centers 50.5 inches above the ground and at 100-foot

intervals along a line. G-M tubes were mounted at the center o. each

shield and at a corresponding height on each of ton free-field

detector posts located in the vicinity of the shields. Film packs

were also mounted at each detector location. Following the detonation,

remote readings of the gawuna-ray dose rate at each detector location

were taken at frequent intervals until the dose rates inside the

shields were too low to he measured accurately. The space between

the inner and outer iron layers of each shield was filled witth water

which was drained by remote control at H+5 hours.
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The calculations were divided into three stepM; 1) specification

of the time-dependent energy spectrum of the gamma rays emitted by the

faliout, 2) deterinination of the energy and angular distribution of

the gamma rays incident upon the shields, and 3) calculation of the

penetration of the gama rays Into the shields. A variety of theoret-

Ical and measured data were used for the fallout emission spectra. The

theoretical spectra were those of Nelms and Cooper(3) for the fission

products from thermal-neutron fission of 25BU and those of

Bjorzaerstedt( 1 5 ) for fission-neutron fission of 239Pu and thermal-

neutron fission of 2 35U. The measured spectra included those of

Tomnovec, et al.(16) for Small Boy fallout particles and Cook's comn-

posit spectra based on fallout samples collected from a number of

different weapons tests.

The energy and angular distribution of the scattered gamma rays

above fallout with the above energy spectra were computed using the

Monte Carlo data discussed in Section II. Analytic calculations

were made of the energy and angular distribution of the direct-beam

gamma rays above the fallout. Additional source term data were developed

from the energy and angular distributions measured above Small Boy

fallout by Huddleston, et al.(18) All of the source terms were pro-

cessed into a consistent set of 10 energy groups and 18 angle groups for

folding in with energy- and angle-dependent shield penetration data.

The shield penetration data were computed for each energy group

and, for the cubical shields, each angle group. The direct-beam

component was computed analytically. The shield-scattered component

was computed with Wells' CIS Monte Carlo procedure(19) for the

cubical shields and with Collins' LOb blonte Carlo procedure(2) for

the spherical shields. The application of the resultant penetration
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data in calculating the dose transmission factors of the enclosure

shields is described by the general equation

N Z(1c,e) g(E) A(E,e8)
D/D 0 . BOR

Z 7- NE,e)g(B)E 0

where N(EO) is the free-field photon flux with energy E at angle 0,

g(E) is the flux-to-dose conversion factor, and

A(E,8) is the fraction of the dose from photons incident with

energy E at angle 0 which penetrates to a receiver

at the center of the shield.

Calculations were performed for each shield as a function of time

using each of the various theoretical and measured source terms. Most

of the calculated dose transmission factors are summarized and com-

pared with the measured data in Figures 8 and 9 for Shields 2 and 4,

respectively. With few exceptions, the calculated dose transmission

factors are higher than those measured. The extent of the over-

prediction depends upon the particular source term but it is typically

50 percent or more. Shield 2 (Figure 8) shows the best overall agree-

ment between the calculations and the measurements. The calculated

and measured factors for Shield 4 are noted to be consistently higher

than those for Shield 2, the cubical shield of similar size and layer

thicknesses. The measured and calculated transmission factors for

the thin spherical shield (Shield 5), although much higher, have

characteristics similar to those of Shield 4.

Of the calculations basel on theoretical source terms, those using

Bjoimerstedt's 2
39PU fission product gamma-ray spectra agree best

with the measured data. The use of Cookts composite measured spectra(17)

gave dose transmission factors which agree better with the measured

factors than any of the other source terms, either measured or
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theoretical. The calculated factors based on the Small Boy fallout
(16)energy spectra measured by Tomnovec, et al. show poor agreement

with the measured factors. In the few cases where calculated factors

based on the energy and angular distribution measured over Small Boy

fallout by Huddleston, et al. (18) can be compared with measurements,

they show little improvement over the other data.

Although the calculations generally overpredict the measurements,

the time-dependence of the calculated dose transmission factors is

reasonably consistent with that indicated by the measured factors.

Both the calculations and measurements indicate that D/D was relatively0

constant during the first 5 hours (300 minutes) and, as would be expect-

ed, increased sharply when the water was drained. Peak values were

reached between 5 and 8 hours followed by a decrease of as much as

50 percent during the remainder of the first day. All of the cal-

culations indicate that D/D increases again after approximately

3 days. 0

The results of a simple calculation for Shield 2 based on current

Civil Defense shielding technology are included in Figure 8. This

calculation was performed with the method for simple above ground

structures given on Page 4-6 of Reference 20. The bottom of the

shield was neglected and it was assumed that the sides extended

downward to the ground surface. The comparison shows that the simple

calculation, which is based on Spencer's attenuation data(S) for a

fixed energy spectrum (Nelms and Cooper, 1.12-hr 235U), gives a

reasonable estimate of D/Do, particularly for the important early times.

It was concluded that the most critical factor in the calculations

was the energy spectrum assumed for the fallout and that the tendency

to over-predict D/Do was probably the cumulative result of several

factors. These factors include a possible deficiency of low energy

gamma rays in the source terms, the use of idealized models of the
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enclosure shields which neglected engineering detail, and the neglect

of ground roughness effects on the energy and angular distribution

of the gamma rays incident upon the enclosure shields. It was not

possible to definitize the individual contributions of these factors

to the discrepancies since no free-field measurements other than total

dose rate were made at the exposure site.

V. GROUND ROUGHNESS EFFECTS*

The only detailed calculations of the gamma-ray energy and

angular dLstributions above fallout which have been reported(1,8)

employ the assumption that the radioactive-material is uniformly

distributed over a perfectly smooth surface. It is well known,

however, that this assumption can lead to large overestimates of the

radiation intensity, particularly at positions near the ground surface.

A survey reported by Clifford 21) gives various estimates indicating

that the dose rate one meter above rough ground may be only 10 to 70

percent of the corresponding dose rate over smooth ground.

A number of possible methods for incorporating the effects of

ground roughness into fallout calculations have been suggested and

explored to some extent.21) However, their application has been

limited to the direct-beam (uncollided) component with emphasis on the

effect on radiation intensity rather than on energy and angular

distribution. Experimental investigations have been limited largely

to the effect on total dose. Exceptions are the field experiment
(18)

performed by Huddleston, et al. and current work by Shumway and

co-workers at USNRDL.(2 2 )

*Based on work funded by the Office of Civil Defense through the United
States Naval Radiological Defense Laboratory under Contract No.
N228(62479)68174.
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The first phase of an investigation of possible methods for pre-

dicting the effects of ground roughness upon the energy and angular

distribution above fallout is currently being completed at Radiation

Research Associates. (23) The principle objectives of the investigation

are; (1) to examine the effectiveness and practicality of several

relatively simple methods of accounting for ground roughness effects,

and (2) to gain additional insight on the nature and extent of ground

roughness effects, particularly on the gamma-ray energy and angular

distributions near the air/ground interface. Because of the overall

complexity of the problem and the fact that there are a number of possible

approaches to its solution, the first phase was limited primarily to

the direct-beam and singly-scattered components (which contribute on

the order of 90 percent of the total dose rate near the air/ground

interface).

Of the various approaches which have been suggested for including

the effects of ground roughness in calculating the radiation environ-

ment above fallout, four were selected for investigation:

1. Buried source model.

2. Mixed source model.

3. Collimated source model.

4. Furrowed surface model.

The buried source model is the most popular of the four. It

has been discussed and investigated to various extents by several
investigators!18,24,25,26,27) In this approach, the degree of ground

roughness is represented by the thickness of the soil layer beneath

which the source is assumed to be buried. The mixed source model is

similar to the buried source model in that the source material is

assumed to be mixed with a thin layer of soil, the thickness of which

is adjusted to simulate the desired degree of ground roughness.
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The simplest model proposed thus far is the collimated source

model conceived for the present investigation. In this model, the

source is assumed to be uniformly deposited on a smooth ground surface.

Rather than being allowed to emit gamma rays isotropically, however,

the emission is conztrained to angular sectors which are specified

according to the degree ot ground roughness.

The furrowed surface model has been investigated experimentally
(21)

by Clifford, but has not been used previously for calculations.

It consists of a uniform array of furrows in the ground surface.

The width, depth and spacing of the furrows, along with the division

of source material among the regions of the furrows, control the degree

of ground roughness.

Equations were formulated for the energy and angular distributions

of the flux and dose rate from direct-beam and singly-scattered

photons at an arbitrary height above a monoenergetic infinite plane

source on a ground surface as represented by each of the four models.

In each case, the single scattering was assumed to be affected by

the ground roughness only through the effect on the distribution of

the direct-beam flux in the air and ground (i.e., ground roughness was
assumed to have a negligible effect on the path of the radiation

after a collision occurs). Receiver energy and angle groups were

selected to be consistent with those used in the previous Monte Carlo
(1)

calculations.

The most extensive calcu3ations were performed with the buried

source model. The energy and angular distribution of the flux and the

angular distribution of the dose rate from direct-beam and singly-

scattered gamma rays were computed three feet above the air-ground

interface for sources buried in dry Nevada Test Site soil (P - 1.15 gm/cm3 )

at depths of 0, 0.25, 0.50, 1.0, 1.5 and 2.0 inches and with source
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energies ot u.±G, 0.I4, G.23, G.a,4 0.6?, .95, .... 5, 1.75; 2.5 and

3.5 MeV. The calculations for source energies of 0.67 and 1.25 MeV

wore extended to source depths of four inches.

Figure 10 illustratns the dependence of the angular distribution

of the direct-beam and singly-scattered dose rates upon source depth

for a source energy of 1,25 MeV. The shape of the direct-beam curve

for 8>700 has a strong dependence upon source depth. The angular

distribution of the singly-scattered dose rate is less sensitive to

source depth, but it is noted that the dose rate from 0<900 increases

at small depths. This increase overrides the decrease for 0>900 so

that the total singly-scattered dose rate increases at small depths

as is indicated in Figure 11 which shows the dose rates from the 0.67

MeV source versus source depth. Presumably, the increase in the

scattered dose ratn is duo to the larger number of scattering events

which occur between the source plane and the receiver.

Included in Figure 11 are the results of Clifford's measurements

made 3 foot above a simulated plane Cs13S source 70 meters in radius

with various thicknesses of expanded polystyrene covering the source.

To make a comparison with the calculated data, the polyity'eno thicknesses

were converted to mass-equivalent ground thicknesses. The measured

dose rate for zero source depth is noted to be approximately 20 percent

less than the calculated sum of the calculated direct-beam and singly-

scattered dose rate. This difference is probably due to the experi-

mental source extending to only 70 meters. Otherwise, the neglect

of multiple scattering in the calculations should underpredict the

measured dose rate. The other measured values for equivalent depths

of 0.35 and 0.70 inches fall somewhat in line with the sum of the

calculated direct-beam and singly-scattered dose rates. It is thought

that the finite size of the experimental source does not reduce the

374

L..



I Ii

dose rate at these source depths because the contribution from points

nt greater distances on an infinite plane source would bo limited by

the large slant paths through the ground.

Results for fallout of several different ages were computed by

weighting the monoenergetic source data according to the Nelms and

Cooper energy spectra for non-volatile 235 U fission products(3) and

summing over energy for each source depth. It was found that in terms

of the total direct-beam and total singly-scattered dose rates, the

1.12-hour data has a source depth dependence which almost exactly

matches that for the 1.25 MeV plane source. Similarly, the 23.8-hour

fallout data matches the 0.85 MeV data and the 4.57-day fallout data

matches the 0.67 MeV data.

Huddleston, et al. measured the gamma-ray energy and angular

distributions 3 feet above 28-hour fallout deposited on a dry lake bed

and above 5.5-day fallout deposited on rough desert terrain. In order

to make comparisons with the above mentioned calculations for 23.8-hour

and 4.57-day fallout, the measured energy and angular distribution data

were rearranged into the same energy and angle groups used for the

calculations.

Comparisons of the measured dose angular distributions with those

computed for buried fallout sources considering only the direct-beam

and single scattering would not be meaningful since the effects of I
multiple scattering are included in the measured data. In order to

make comparisons, two approaches for including an approximation of

the multiple scattering were tried:

1) It was assumed that burying the source under the ground
had no effect on the multiple scattering and that pre-
viously calculated multiple-scattering data for a source
at the air-ground interface could be added to the direct

"beam from a buried source. J.
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2 ) It was assumed that the total multiple-scattered dose tor
0<90* was affected by source burial in the same manner as
the singly-scattered dose but that the angular distrIbution
within this interval is not changed. A corresponding assump-
tion was made for the multiple scattering for 0>900.

These two approaches were used in a trial and error process to determine

which approach and source depth led to the best approximation of the

measured dose angular distributions.

Figure 12 shows a comparison of results obtained using the second

approach with the measured results for the fallout deposited on a dry

lake bed. The dose angular distribution crloulated with the source

buried at a depth of 0.5-inches aLrees very well with the measured data

except at very large angles, Included in Figure 12 is the dose angular

distribution computed for fallout deposited on a smooth ground surface

which is seen to differ considerably from the measured data. For the

case of the fallout deposited on rough desert terrain, the best cal-

culated results were obtained using the second approach and assuming

the source to be buried at a depth of 1 inch.

The mixed source model may ue treated as an extension of the

buried source model inasmuch as buried source data may be weighted and

combined to approximate mixed source results. Accordingly, the buried

source results described in the previous paragraphs for monoenergetic

and fallout sources were used to generate results for the case where

the source is mixed uniformly with the soil to depths up to two inches.

The dependence of the direct-beam and singly-scattered dose rates

upon the depth to which the source is mixed was found to be similar

to that of buried source model, except that both components fall off

less rapidly with increasing depth for the mixed source. The mixed

source curves are flatter because a fraction of the source always

remains near the ground surface and makes a relatively large contribu-

tion to the dose rate at the receiver. For the same reason, the
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angular distribution of the direct beam from the mixed source differs

significantly from that observed for the buried source. Even whn.

mixed uniformly to a depth of 2 inches the mixed source direct beam

ham a strong peak as the receiver angle approaches 90 degrees, There

was little difference between the singly-scattered dose rate angular

distributions for the mixed and buried sources, however.

The collimated source model sLems from the observatio:n that one

of the most apparent effects of ground roughness is a reduction in the

strong direct-beam component from below the horizon caused by the

large slant path through the surface materials lying above (but

necessarily over) portions of the source (see Figure 13). If source

particles are assumed to settle straight down into crevices and between

lumlps of soil, rocks, or other matter, the escape of uncollided radia-

tion into the air is uninhibited at or near 0 * 0 where 0 is the

angle measured with respect to the upward normal. As 0 increases,

however, the probability of penotrating ground material increases,

approaching unity at 0 - 90* for all but source particles lying on top

of the highest surface features.

The collimated source model is based on the assumption that, for

a given ground surface, there exists an effective cutoff angle 0'

beyond which no leakage of uncollided radiation into the air can occur.

The value of 0' depends on the nature and the degree of ground rotii.h-

ness. LUakage into the air is assumed to be uninhibited for 0<0<0'

and air scattering is assumed to be affected only through the effect

of 0' on the uncollidod flux distribution in air. Ground scattering

is not affected by the model since thu direct-beam leakage into the

ground is uninhibitud for 900<0l<O8.
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The studios performed with the collimated source model wore limited

to a source energy of 1.25 MoV. Calculations were performed for several

effective cutoff angles )' ranging from 45 to 87.5 degrees. The direct-

beam and singly-mcattered dose rates versus cutoff angle are shown in

Figure 14. The direct-beam curve is reminiscent of those computed with

the buried source method; a relatively sharp initial decrease in the dose

rate is followed by an approximately logarithmic gradual decrease. It

should be noted, however, that if the curve was extended to small angles,

it would have to turn steeply downward since the direct-beam dose

rates for 0' = 0 would be zero.

The singly-scattered dose rate curve bears no resemblance to that

computed with the other methods. In particular, there is no initial

buildup in scattered dose as the amount of ground roughness is increased

(i.e., as 0' is decreased), Moreover, the singly-scattered dose rate

curve does not tend to become parallel to the direct-beaom curve. The

Pingly-scattored component continuously increases in importance,

An interesting feature of the singly-scattered dose rate angular

distribution curves computed with the collimated source model is that

their shapes and magnitudes are nearly independent of 0' for receiver

angloe less than 900. This behavior is a result of thL strong contri-

bution from ground scattering which is independent of 0'. The dependence

of the singly-scattered dose upon 0, becomes progressively greater for

receiver angles greater than 900, The diroct-beam angular distribution

does not change in shape with 01; it simply terminates.

The furrowed-surface ground roughness model is based on the assutmp-

tion that the ground roughness can be represented by regular furrows or

ridges in an otherwise smooth ground surface. The furrows may be a.thcr

rectilinear or concentric. The concentric geometry was selected for the

present study because the symmetry reduces the amount of calculational

effort required. The geometry of the furrowed-surface model which was

programmod is illustrated in Figure 15. The parameters L, W, X and Z

may be adjusted to represent furrows of arbitrary profile.
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The H in gle-sent r.'eing c til .'tt it ion rc'qn iru4 i htu 4usse.munlt ot

t11C nci•LiSo 1 i tA rilm lin on e• ' tihlt cI Jrctct - m ' luxx 1at l iuztub of pmi l it ns

along t he Z axis. Thie direct-bunim flux tit aivneL Z, It tht'nl Llsulmtd 10

be, indopundun t of tlhe rodial poseit ion, atnd t; he prosmett or Ile f1urrows

is neglectud once thil- diroect-boam distrihution is compiteud. Ilonco, in

the single-scattering calculations, the cifi'ct of the furrows .14 to

1nmodify thi le istrihti iou 01 first collisions in tihe air and inl tict

ground. Once a collision takes place, the path from the collision

centur to the recuiver is assumed to b)e thie amu as if thu ground

surface had boon smooth.

From the ahove it is soon that a physical interprotation of the

model would be as follow4: From any given point eo' obsorvation, the

ground surface has uniformly spaced furrows concuntric about tho

vortloal axis through the observation point insofar as thu direct-

bealh component is concerned. Thie singlo-scattured componallt 1L th,

samn observation point due to scattering in a p1urticulnir (IV is that

which would result if thLl furrows were concontric about the tuxis oil

which that dV lies.

The machine time requirements for the furrowed-sourco calculations

turned out to bo quite large compared to the other models. The

difficulty stums from the requirement for calculating the direct-boam

at a large number of mesh points for use in the singlo-scattering

calctlatJllon For oach such mesh point, the path through the furrows

must bo traced from many individual points on the furrowed surfaco in

the proress of integrating over the source distribution. B&cause of

the large amounts of machine time required, only a few calculations

were performed with the code. These calculations were designed to

correspond to an experiment performed by Clifford, (21)

Clifford's experiment included measurements of the gamma-ray

dose rate above rough ground simulated by a concentric sawtooth array

with a radius of 70 motors and contaminated by 137 Cs sources (0.67 MeV).
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Thi sawteeth were of concrete and had a 456 profile with a depth of

6 inches. Measurements were made at vertical heights of 1 to 19.3

meters above the center of the field with 137 Cs point sources positioned

individually at various radii in the valleys, ut the apex, and at the

midpoint of each slope. Control measurements were made over a smooth

concrete surface.

Calculations were performed for comparison with Clifford's results

for the case where the sources were located at the midpoint of each

shape and for the smooth surface case, Table I gives the measured

and calculated results for a receiver 1 meter above the center of the

concentric field, for both the smooth surface cude and for the case

where the sources are located at the mid-point of each slope. Since

the measured dose rates include multiple scattering, it was necessary

to include an estimate of the additional dose rate from higher orders

of scattering in the calculations. This was done by assuming that the

ratio of total scattering to single scattering for a receiver 3 feet

above an infinite plane source of 0.67 MeV gamma rays on a smooth ground

surface is applicable to the experimental geometry. This ratio was

estimated from the single-scattering data from the buried source

calculations for a unurce depth of zero and from the multiple scattering

data given in reterence 1.

From the preliminary studies of the four ground roughness models,

it appears that the best choice for use in fallout calculations would

be either the buried or the mixed source model. The buried source

model, which may be regarded as a special case of the mixed source

model, is the more convenient of the two to apply. The collimated

source model, although easy to apply, does not appear to produce

realistic results. The furrowed source model is attractive from the

standpoint of physical realism, but it is exceedingly cumbersome to

apply and, thus far, gives no indication of being better than the

buried and mixed source models.

380

- - . . .. ' . . . .. . . = . .... ...



I

Table I

Dose Rates 1 Meter Above Center of 13 7 Cs Source
70 Meters in Radius

(rad(tissue)/hr per source photon/cm2-sec)

Component Calculated Measured

Furrowed Surface

Direct-Beam 3.517 x 10-7

Singly-Scattered 1.466 x 10-7

Adjustment for
Multiple Scattering 2.506 x IC

Total 7.489 x 10-7 8.430 x 10-7

Smooth Surface

Direct-Beam 2.248 x 10-6

Singly-Scattered 2.397 x 10-7

Adjustment for
Multiple Scattering 4.090 x 10-

Total 2.897 x 10-6 2.399 x 10-6

The results of the first phase of the theoretical ground roughness

study led to the recommendation that the next phase ccnsist of an

investigation of the role of the multiply-scattered component and the

correlation of buried and mixed source calculations with some of the

more recent experimental studies. The ultimate objective should be

the selection of a single model and the establishment of parameters

such as source depth for different types of terrain.
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VI. GAMMA-RAY DEPTH-DOSE PATTrERNS IN PRANTOM*

The objective of this investigation, which was initiated only

two months ago, is to determine the gamna-ray depth-dose patterns in

a phantom representative of the human body when exposed to the

radiation environment produced by iallout fields and by selected

arrangements of radioactive sources. Of particular interest is the

determination of the differences in the depth-dose patterns produced

by fallout and by radioactive source configurations intended to

simulate fallout.

The phantom consists of a tissue-equivalent vertical right

cylinder 60 cm in lipight and 30 cm in diameter. The center of the

phantom is assumed to be 111.8 Lm above a ground surface uniformly

contaminated by fallout. The energy and angular distribution of the

fallout and simulated fallout gamma rays incident upon the phantoms

are being taken from the Monte Carlo calnulations des, ribed in

Sections II and III.

The chief mathematical tool being used to compute the depth-dose

patterns is the COHORT Monte Carlo procedure.(28) A special FORTRAN

procedure was prepared to calculate the uncollided gamma-ray components

analytically. Preliminary calculations indicate that a minimum of

approximately 50 percent of the dose at any point in the phantom is

from photons which have suffered no previous collisions in the phantom.

*B3ased on work sponsored by the Armed Forces Radiobiology Research

Institute, Defense Atomic Support Agency, under Contract No.
DA-49-146-XA-479.
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VII. MONTE CARLO STUDY OF BARRIER ATTENUATION FACTORS#

Today's Civil Defense fallout shiclding technology (20) is based

largely on simplified methods 29) developed from the results of

rigorous calculations(H) which, in turn, are based on idealizations of

the actual problems. Although a considerable amount of experimental

and theoretical work hna been carried out in recent years toward the

evaluation of some of the approximations, the evaluations themselves

often involve idealizations. For example, essentially all experiments

have employed finite arrays of artificial sources of monoenergetic

gamma rays to simulate the gamma rays from infinite plane fallout sources.

Consequently there has been little direct verification of the basic

results from which the simplified methods were developed.

To provide a more direct evaluation of the barrier attenuation

data in current use, Radiation Research Associates is computing some

of the more important cases using Monte Carlo techniques(2,19,28) which

avoid certain idealizations required in the previous calculations.

The Monte Carlo calculations include two cases of fundamental importance;

1) vertical wall barrier and 2) cylindrical wall barrier. In each case

the energy and angular distribution of direct-beam and scattered gamma

rays incident upon the barrier walls due to an infinite plane source

on the ground surface will be considered. The energy and angular

distributions of the :Lncident gamma rays are the results of previous

Monte Carlo calculations (1 which consider the effect of the air/ground

interface. Concrete will be used as the barrier material.

The vertical wall barrier attenuation data given in Reference 8

were computed with the moments method, a method which has been used

with great success in infinite medium calculations. The restriction

of the moments method to infinite medium problems, however, leads to

possible shortcomings :'.n the barrier attenuation data since the gamma

*Based on work funded Ly the Office of Civil Defense through the United

States Naval Radiological Defense Laboratory under Contract No.

N0022866C0910.
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radiation transport (both in the air/ground medium before reaching the

barrier and the transport in the barrier) rprpi•led idealization of the

problem. Implicit in the infinite medium treatment is the restriction

to a single material. Water was used to represent both air and ground

and the barrier material itself was taken to be water. Other simplifi-

cations in the calculations included the neglect of energy degradation

prlnr to striking the barrier. Results for a cylindrical barrier are

generated from the slab barrier results by a geometrical transformation

given in Reference 29.

The Monte Carlo calculations incorporate the individual material

compositions of the air, the ground and the barriers. Material inter-

face effects are included in the calculations and no compromise is

necessary in handling the energy and angular distribution of the

radiation. The Monte Carlo approach allows direct generation of results

for the cylindrical barrier so that use of a geometric transformation

is required as was the case for the moments method calculations. Com-

parisons of the Monte Carlo results with the previous results for slab

and cylindrical barriers should help provide a basis for deciding whether

the Civil Defense fallout shielding technology should continue to build

from the old basic calculations or whether new results should be

generated.

VIII. SUMMARY

Recent and current research projects at Radiation Research

Associates encompass many of the numerous radiation transport problems

involved in the determination of the characteristics of the gamma-ray

environment produced by fallout and in the consideration of these

characteristics in fallout shielding and radiobiology studies. The

important characteristics of the radiation field for most purposes are

the energy and angular distributions of the gamma-ray. These distribu-

tions are particularly important if penetration through appreciable

amounts of material is involved.
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Although the energy and angular distributions produced by fallout

are known, or can presently be calculated with what appears to be

reasonable accuracy for idealized situations where the source energy

spectrum is known and the ground surface is smooth, it must be

acknowledged that the exact amount of uncertainty in such calculations

has not been established. Even in terms of the total dose above a

plane isotropic 6 0 Co source, there are discrepancies on the order of

10 percent among various measurements and calculations.

The best choice of a source energy spectrum for a particular case

is not too clear. The analysis of the enclosure shield experiment,

which involved penetrations on the order of 2 to 6 relaxation lengths,

indicated that the results obtained using various theoretical and

experimental energy spectra varied widely. Of particular importance

was the observation that the Nelms and Cooper fission product decay

spectra,(3) which is incorporated into most Civil Defense barrier

attenuation data, were not among those spectra which seemed to produce

ti'e best overall results for the enclosure shields. Although the

different spectra did not give consistent dose transmission factors for

the shields, they were reasonably consistent in indicating the time

dependence of the transmission factors.

The nature of ground roughness effects is being determined in

some detail through current theoretical and experimental efforts and

there are indications that these effects may be accounted for by

relatively simple methods. Further study is required in this area,

however, before the methods can be definitized.

Fallout simulation studies inaicate that either extended or

compact configurations of common radioactive sources can give good

simulation of most aspects of the fallour gamma-ray environment except

the energy distribution. Studies are currently underway to determine

the extent to which the depth-dose patterns in phantoms are influenced

by the discrepancies in the 'nergy speci:ra.
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INTENSITY--ACTIVITY RELATIONS FOR SHOT SMALL BOY

P. D. LaRiviere, S-K Yu and C. F. Miller

Stanford Research Institute

Menlo Park, California

ABSTRACT

An analysis of the relationship of gamma exposure rate
to fission density and ionization activity of fallout samples
from event Small Boy was made. The results indicate that,
over the fallout region sampled, the fractionation of radio-
nuclides was such that only '-30% of the gamma ionization
strength per refractory fission of unfractionated fission
products was exhibited. The combined effects of Lnstrument
response characteristics and terrain roughness were seen to
further depress expected exposure rates at 1 hour after burst
by an average factor of 0.72.
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INTRODUCTION

The relationship between the radiation intensities observed in a

fallout pattern and the amount of radioactivity deposited in the pattern

has been studied for many years. The factor is of particular impor-

tance in attempting to evaluate the amount of radioactivity available

for worldwide fallout, since the most common method employed relies on

a subtraction of the amount in the local fallout from the theoretical

total produced. In addition to this purpose, interpretation and cor-

relation of radiation intensity and sample radioactivity at individual

sampling locations requires some attention to the fundamentals of nu-

clear radiations and radiation sources.

The problem of relating fallout intensity to sample activity in

general is complicated by several major factors: fractionation of

radionuclides; the occurrence of non-fission product activities; the

non-ideal response of garmma survey meters; and the departure ot real

terrain surfaces from the ideal mathematical plane. Of these, fraction-

ation undoubtedly cauces the greatest amount of confusion, especially

when reference is made to "fraction of the device." Since each radio-

element condenses to a different extent in the soil/weapon matrix

particles, it is evident that a different fraction of each becomes as-

sociated with the fallout p&rticles. Hence the term "fraction of device"

is meaningless in the absence of a 4efinition of "fraction."

In principle, radiochomical analysis of fallout samples could be

made for any nuclide desired and, if enough samples were taken, the de-

posit density could be integrated over the fallout pattern to yield a

precise fraction of that nuclide present. However, this procedure would
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Phed no light an the r/hr reiptlon, In the absence of information on

the relative abundances of all the other gamma-emitting nuclides present

in the sample.

An alternative approach, if induced activities are not present in

significant amounts, is to determine the fission density at a location

by radiochemical analysis on one or more refractory fission product nu-

clides (or fission indicator, if available). The radiation intensity

at the point is measured (conventionally at 3 feet above the ground) and,

making due allowance for terrain shielding and instrument response, the

measured intensity is compared with the theoretical intensity expected

from the indicated fission density and unfractionated fission products

on an infinite plane. The ratio obtained is a direct measure of the

groRs ionization fractionation, or fractionation number.

The fractionation number obtained directly from the measurements

applies only to the time of measurement, but If an ionization decay

rate is measured, then the fractionation number can also be determined

as a function of time after detonation. The most satisfactory data

would include radiochemical analyses for all the important nuclides,

which would then allow computation of gamma decay rates in the field

or in laboratory counters as desired.

The presence of induced products, originating in the device and its

surroundings upon detonation, is not readily detected and the relative

abundances cannot be determined without fairly complete radiochemistry

on a variety of samples. In the past, this information was not usually

available, so that the fractionation behavior of induced products could

not be iitegrated, with the possible exception of a few uranium-derived

products, especially Np-239. A current study at Stanford Research Insti-

tute hovever does include the capability of estimating for surface

bursts tho production and fractionation (with particle-size) of induced

products from a v'ariety of weapon/soil combinations.
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The objective of tlhis paper is to prosont an analysis of the inn-

imation intensity--sample activity relations resulting from shot Small

Boy, which took place at the Nevada Test Site. The principles men-

tioned above are applied and the gross fractionation numbers, terrain

factors and instrument response factors are derived. The analysis
(1)closely parallels one previously presented but differs in that more

refined values of the input data were derived.

THEORY

It is generally known that the intensity-activity ratio can be

defined for the intensity as observed at a given location or, as an

average, for the whole fallout area. In the latter form, the ratio

is sometimes called the intensity-area integral per unit fission

yield. It is convenient in data analyses to express the surface den-

sity of the radioactivity in fissions per square foot rather than

kilotons per square mile. Both representations of the surface density

of radioactivity are independent of time after detonation. And, since

the relation between the number of fissions and the energy released in

fission is about the same for most common fissile materials, namely

(1.45 ± 0.03) x 1023 fissions per kiloton of fission yield, the two

representations of the surface density of radioactivity are related by

Af = 5.20 x 10s %A (1)

where Af is in fissions/sq it and AW is in Kr/sq mi.

The intensity-activity ratio for a given location in a fallout

region is defined by

K I/Af (2)

where I is the standard intensity, which is the intensity at 1 hr at5
a height of 3 feet above the ground, obtained from instru-
ment readings on the completely deposited fallout, decay-
corrected to 1 hr.
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A is the fission density per square foot, based on refractory
fission product analysis.

The ideal normalization factor, that is, the calculated value of

the 1-hr intensity 3 feet above an infinite plane uniformly contami-

nated with unfractionated fission products of unit surface density

(fiss/ft2 or KT/mi 2 ), may be computed, However, the calculated values

of K from observed values of I over real terrain for a given value of
0 s

A f (or AW) are lower than those computed for the ideal plane due to at-

tenuation of the gamma ray intensity by both small- and large-scale

roughness of real terrain, to non-idealized responses of radiac instru-

ments used in measuring the intensity, and to decreased contributions

from the more volatile Sission-product radionuclides whose relative

concentrations in the fallout are ducreased (i.e., the radioactive

composition is altered or fractionmoted). The values of Is, relative

to those for the fission products, are increased by the production of

induced radionuclides (usually through neutron capture) in both weapon

components and nearby environmental materials. The representation of

K0 , including consideration of the above four factors, is given by

K° = Dq(rfpkfp + rIk ) (3)

in which D is the detector response factor for the assumed detector-
radiation source geometry

q is the terrain attenuation factor

r und r £ are the gross fractionation numbers for the fission
rp and induced products, respectively

S~r/hr
40 k fp and ki are the ideal normalization values of fjss/ft2 for

fission and Induced products, respectively, as computed
for unfractionated fission products of uniform surface
density on an infinite plane.

I These quantities may be defined mathematically as shown below.

It should be noted that the geometry assumed is a detector 3 feet above
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Seanurce uniformly distributed on real terrain or on a mathematical plane,

as indicated, and that the intensity ratios are ior LL.. same tin^ after

fission.

The detector response factor Is defined by

D = Ii/1 (4)

where I is the intensity indicated on the meter, and I1 is the inten-

sity to which the meter is exposed,* D is therefore a ratio of two

intensities which differ only because of non-ideal response of the de-

tector. The usual causes of non-ideality are non-uniform directional

response, due to self- and operator-shielding; non-linear energy re-

sponse characteristics to gamma rays of different energies; and the

relation of these to the manner in which the instrument is calibrated

with a poir.t source of radiation.

The terrain attenuation factor is defined by

I(XIp)
I (xt) (5

where the parameter x represents any kind of fission and induced product

mixture, fractionated or not, t denotes (real) terrain, and p indicates

a nathematical plane. Thus, q is the ratio of two intensities which

differ only because of the terrain characteristics upon which the source

is distributed.

*D has been calculated(2) for the TlB survey meter as D = Ii (u,p)/I(0,p)

where IX (u,p) is the calculated reading a TOB instrument would indicate
when exposed at a height of 3 feet to the unfractionated products of
U-235 thermal fission distributed on a plane; I is the calculated true
intensity under the same conditions.
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The fractionation number is defined by

X(f,s) (6)rfp (us)

where the parameter f denotes fractionated fission products, u denotes

unfractionated fission products, and a denotes any kind of planar sur-

face, rough or mathematically smooth. Hence, rfp is the ratio of two

intensities which differ only because of fractionation among the fission

products. r is analogous to r except that it refers to the summation

of the induced products. Expressed another way, rfp reflects the ef-

fects of fractionation among the gamma-emitting nuclides, or "ionization

power" of the fractionated mixture relative to an unfractionated set of

fission products. Pure beta emitters then, such as Sr-90, do not affect

rfp one way or the other.

Finally, the ideal normalization value is defined by

k I(u,p) (7)
fp Af

where u, p, and A are as defined previously.

f

If it is accepted that the radionuclide composition varies with the

size of the fallout particles, the major factors in equation 3 that are

dependent on particle diameter are rfp and r . In more precise treat-

ments, D and q also depend on the radionuclide composition because both
of these parameters are functions of gamma energy which in turn depends

on the relative abundance of the radionuclides in the fallout. It fol-

lows that each induced product also should be multiplied by its appro-

priate Dq rather than by an overall Dq value for the total assemblage

of nuclides. So precise a treatment is not possible without a large

amount of additional information.

Now, if induced products are of negligible importance, as was the

case for the Small Boy fallout, equation 3 with rearrangement reduces to
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or using equation 2, to the equivalent,

I

r rfpkfpAf

This equation may be evaluated by means of activity measurements

on collected fallout samples. The computed response of the USNRDL 4r

gamma ionization chamber, in ma/fiss, is closely proportional to kfp

from -1 hr onward, for U-235 thermal fission products, as shown in

Reference 2. Confidence in this calculated proportionality is sup-

ported by the excellent agreement Mackin has obtained between calcu-ý

lated and observed decay rates for unfractionated U-235 thermal fission

products in this instrument. 3 )

The quantity k p itself is not easily checked experimentally; how-

ever, the ion chamber results indicate that any error in kip must occur

primarily in the conversion of flux to dose rate at 3 feet. The con-

version used in Reference 2 is based on the Gates and Eisenhauer results

as interpreted by Miller, (4) which are possibly accurate within ±1•%,

although no definite value can be assigned to this uncertainty.

Making the assumption that the ion chamber response is proportional

to kip for all fissile-nuclide products, and, further, that the propor-

tionality extends to fractionated products as well, then we may write
I~f~p)__r rI(u'p)

i const const r p (10)

o Af Af

and i constL (,p_..) (11)c Af
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where i is the observed ma/fiss for a sample of fallout, and i is the
0 C

calculated value of the ratio for unfractionated products. DividinG

equation 10 by equation 11 results in

io/i r (12)oc ffirp

which is to say the gross fractionation number for the fission products

may be evaluated at any time des.ldd simply by comparing the observed

ma/fiss of a fallout sample to the calculated ma/fiss at that time.

Substituting this result and the definition of kip from equation 7 into

equation 9 results in

Is/Al o

Dq = u (13)
I(u~p)/A i

Convenient units for Af i and Af i are fisS/ft2 x ma/fiss f ma/ft2 so

r/hr r/hr
that Dq is simply the ratio of ma!-- y observed, to - , computed.

Equation 13 is particularly convonient to use with £feld data since it

allows determination of Dq without the necessity of a fission analysis

of the sample. Once Dq is evaluated, equation 8 may be used to solve

for r

Other parameters relevant to the analysis include the variation
of i° and rip with fallout particle size. Knowledge of the latter

permits estimation of r ip for a sample for which the size distribution

alone is known.

TREATMENT OF THE DATA

Five kinds of measurements made in the fallout field and on

fallout samples are necessary to this a~ialysis: activity in the low-

geometry scintillation counters, which were capable of accepting the

unopened collector containing the entire fallout sample; (5,6)ionization
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current in the 49 ton chamber on samples that were recovpred from the
(5,0) (6)

collectors; radlochemical fission analysis; and radiation intensity

measurements in the fallout field at the locations from which the fall-

out samples were taken.1'57,)

Sample Activity Relations

The results of the activity and fission analyses on samples re-

covered from the fallout collectors are shown in Table 1. Also in-

eluded in the table is an examination of the consistency of the

activities obtained, and the ratios of these activities to the

number of equivalent fissions in the samples. The corrections involved

in calculating the activities listed in Table 1 are as follows:

Factor to Floor of
Counter Location, Use CH-2 and CH-3

CH-1 NTS, Project 2.9 off-site collections 0.578(5)
C11-2,3 NTS, Project 2.9 on-site collections I

Avg. from Cs-137
Samples Std(6)

CH-4 NRDL, Project 2.10 Shelf 11 0.0314 0.0214
Shelf 10 0.0908 0.0740
Shelf 9 0.388 0.238

The average values of the shelf ratios for counter CH-4 to the

floor of the reference counters were not used in the analysis except

to verify proportionality to earlier counts obtained in counter CH-1.

The ion chambers at NTS and NRDL were normalized to a standard response

of 560 x 10-9 ma to a 105Ag Radium Standard. A small residual dis-

crepancy between the chambers, based on fallout sample counts in both

chambers, was removed by multiplying the NRDL ion currents by 0.925.

The fission values reported in Reference 6 were derived from

measurements made by Hazelton-Nuclear Science (H), Tracerlab, Western
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Activity Relationships for Recovered Fallout Samples
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Table 1

Activity Relationuhips for Recovered Fallout Samples (Continued)
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Division (T), and Nitelear fcie-ce and rMgIneertng (N). The following

adjustment factors were applied to the reported fission values:

Nuclide (H) (T) (N)

Zr-95 1.307 1.140 0.9434
Mo-99 1.464 1.0 -
Ce-144 0.9761 0.9174 -

The factors shown for the contracting laboratories were obtained
(9)

from a detailed examination of the reported fission values; the fac-

tors shown convert the reported number of fissions for each laboratory-

nuclide combination to equivalent fissions of Mo-99 as determined by

Tracerlab, whose results were judged to be the most consistent and

reliable. This judgement was based primarily on the finding that the

variation in the ratio, ma/fiss at 100 hours, for each of eight fallout

particle sizes, was least for the Tracerlab Mo-99 fission assays.

It may be soon in Table 1 that the counting was remorkably gocd,

as evidenced by the generally steady values in the (c/m)/ma ratios;

in these cases, therefore, when erratic values of either (c/m)/fiss or

ma/fiss appear, it is clear that the fission analysis is in error.

When (c/m)/ma is not available, it is not possible to determine whether

the fission or the counting results are at fault.

The primary result of interest from Table 1 is the ma/fiss values

on the recovered samples. Before these values can be used in conJualc-

tion with the r/hr intensities observed at the collection station,

however, it is necessary to derive the best value of the ma/ft 2 for the

station, whir'h when divided by the sample ma/fIss, produces the best

value of fiss/ft 2 for the station. Two factors are involved in the

correction of sample values to station values; one is the recovery loss

in removing the sample from the collector for analysis, and the other

is the relation of the size of the sample analyzed to the average

415



tUmi•t Ju 511 Ul uLhe coiieutors exposed at tnh station. -Me latter

correction, of course, is not possible for the station& at which multi-

ple collectors were not exposed. A final correction is for radioactive

decay to the 1-hour values, the time at which comparison is desired

with the standard intensities.

Average Station Values. Table 2 lists the average fraction of

sample recoverod from the different kinds of collnctors used, which

are deacribed in detail in Reference 5. The values are based on CH

activities obtained on the collectors before and after removing the

fallout sample. In the case of the W. collectors, the fraction is

based on the CH activity of the fallout recovered from the granules,

divided by the sum total activity of the processed samples. The lat-.

ter value was variously somewhat more or lest than the total before

processing. The recovered fractions are plotted in Figure 1 versus

r/hr @ 1 hour at the station, which was convenient to use as a rough

indicator of sample size. The curve shown was used to estimate the

recovory fraction for a few samples for which the fraction was

unmeasured,

The average ma/ft 2 for each station was computed, using all ir.ail-

able ion chamber measurements. When only a single readit' a% • 6ilable

from a station,* adjustment to the station average was me' 1 im CH

counter assays reported in Reference 4. When these were m±.. , no

adjustment was possible. The resulting values are combined )n Table 3

with the ma/fiss values previously obtained to produce the best esti-

mate of the equivalent Mo-99 Iiss/ft 2 deposited at the stations. It

should be noted that the activities are evaluated at 100 hrs after

burst, so that in order to compare these values with the standard inten-

sity (1 hr after burst) a correction for decay to 1 hour is necessary.

"*These cases include collector AO-9 from stations 300 303, 407, 601,
and 703.
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Table 2

Fraction of Sample Recovered from Collectorm
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Table 2

Fraction of Sample Recovered from Collectors (Continued)
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Table 3

Activity Relationships for Fallout Collection Stations
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Table 3

Activity Relationships for Fallout Collection Stations (Continued)
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Decay Corrections. In Reference 5, ion chamber measurements were

corrected to 100 hours by means of a single composite decay curve de-

termined from measurements on many samples. There were differences,

of course, from sample to sample because the particle size distribu-

tion varied and, as is now quantitatively known, the radiochemical

fractionation varied with particle size. Figure 2, take from Refer-

ence 9, shows the variation in ma/fiss, at 100 hours, wheit plotted

against the average particle size retained on the sieves used in the

separation. The variation with the average particle size for the

entire fallout deposit at a station was not so pronounced because of

the spectrum of sizes generally present in a collection.

Although it would be possible to use available ion chamber decay

curves uniquely associated with some stations, many stations would be

excluded through lack of these data and, in any event, none of the

measured decay curves extends back as early as 1 hour. Hence in this

treatment, the composite decay curve of Reference 5 has been used to

correct ion chamber activities to 100 hours; further correction to

1 hour was possible only because of the fortuitous close similarity

in decay rates exhibited between the composite curve and that ob-
(10)

served by Miller at Operation Plumbbob, from Shot Diablo. The Small

Boy composite decay curve, and that observed for sample DS-1 which

was the earliest obtained from Small Boy, have been normalized to

Miller's* curve for comparison in Figure 3. The decay correction

factor for the 47r ion chamber !rom 100 hours to 1 hour for Small Boy

fallout samples is therefore taken as 350/1.45 = 241.4.

The ma/fiss for the unfractionated products resulting from fission-

spectrum neutrons on Pu-239 is calculated to be 9.50 x 10"18 ma/fiss

@ 1 hour. In this calculation, the chain yields were taken from

Reference 11 and applied as correction factors on the U-235 thermal

*As slightly refined for inclusion in a report currently in preparation.
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neutron yields calculated by Bolles and Ballou;(12 ) Reference 2 provided

the response of the ion chamber to individual fission products. For

the same conditions, the calculated value of the denominator of equa-

tion 13 is

6,538 x 10-13 (r/hr)/(fiss/fta)*= 0.6882 x 10a (r/hr)/(na/ft2 )

9.50 x 10-la ma/fiss @ 1 hour.

Standard Intensities. The results of the fallout intensity sur-

veys for those stations at which me/ft2 or fiss/ft;2 data were measured

are summarized in Table 4. The instruments used are indicated in the

column headings. All are portable survey instruments with the ex-

ception of the NRDL GITR (Gamma-Intensity-Time Recorder) which is a

continuously-recording instrument that was emplacvd and started before

zero time. The time (in hours after burst) at which the survey read-

ings were made is noted in parentheses following the entries. The

laboratory abbreviations indicated under Station Number have the

following significance: NRDL refers to the on-site station number
(5)

of Project 2.9; UCLA, to the off-site stations of the same project,
(6)

handled by UCLA;t and NDL refers to the Project 2.8 station numbers.

In two cases on the UClA 27-mile Arc, the NDL and UCLA station loca-

tions did not coincide; hence B-126/127, for example, means "between

stations 126 and 127." Fortunately at this distance the intensity

gradients are so small that little error is introduced by this ap-

proximation.

The 1-hour values entered in Tuble 4 are those reported in the

source literature, in which decay constants ranged from t-1-2 to t 1
.27.

*Which corresponds identically to 3400 (r/hr)/(KT/mi 2 ) reported in
Reference 13.

tFor purposes of correlation, the Indian Springs Valley sampling stations
(800 and 18- series) were shared in connon.
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i ~For moms, of the more distant stations 1-hour vulues were not Computed

by the investigators; in theme cases an arbitrary decay function of

t-1 .1* was applied.* There is no particular justification for this

value, and in fact, it is fairly certain that some of the large dim-

crepancies in the table arise from a general lack of knowledge of the

proper decay corrections.

Another source of error, particularly for the high-intensity

stations on the smooth lake-bed terrain, is the fact that the deposited

fallout was continually being blown about and redistributed by winds.

In such cases, surveys at late times cannot reconstruct the intensities

am of 1 hour reliability, hence the GITR values were usually preferred.

It should be pointed out, however, that some uncertainty is also present

in the GITR readings since the calculated contribution of transit radi-

ation (subtracted from the indicated 1-hour value) reported (8) was based

on an imperfectly-known decay curve.

Aside from these sourves of error, it was also ncted that simul-

taneous readings with the 39A (TIB) and 27J Instruments would sometimes

differ by a factor of 2, which indicates the extent to which calibration

procedure, instrument response, and operator technique can affect the

readings. The last column of Table 4 lists the mean value of the stand-

ard intensity, which is an arithmetic mean of the values reported, un-

less otherwise noted.

Results of the Measurements

The measurements reported above are combined in Table 5. The

standard intensities, Is, are from Table 4; the station average ma/ftl

is from Table 3, corrected to 1 hour after burst by the factor 241.4

*This factor was also used to correct the project 2.9 off-site surveys

which were reported in terms of mr/hr at 12 hours.
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(see Decay Correotious); and Coluinn 3, which is the numerator of equation

13, is the ratio of Column 1 to Column 2. Referring again to equation

13, Dq is obtained by dividing the values in Column 3 by I(up)/(ma/ft*),

which was evaluated previously as 0.6982 x 105 (r/hr)/(ma/ft9) at 1 hour.

Column 5, liss/ft2, is taken from Table 3; K from equation 2 is the

ratio of Columns 1 to 5; and, with Dq evaluated, r. in Column 7 is ob-

p (5)tained from equation 8, rearranged. The terrain cype where known is

also listed in Table 5, as well as the activl.ty-median particle size

of the fallout samples. The terrain types are described in Table 6.

Notice that rfp may also be obtained from equation 12 by the ratio of
Column 2 to Column 3 (ma/fiss, observed) divided by ma/flss for un-
fractionated Pu-239 fission products, evaluated pTeviously as 9.50 x

C0olu ma/fiss at C hour.3

It is evident that there is a good deal oe fluctuation in the

values of Dq and rfp, In order to sort out the most reliable values,

a review of the inputs to Dq (ma/ft', r/hr and station average) and

rf (ma/ft 2 and fiss/ft2) was made. The ma/ft 2 values were checked as

reliable if the ratio (c/m)/ma was close to 1 x 1011 (see Table I) or

if there were replicate samples; fiss/f. ' values were accepted if the

ratios, ma/fiss or (c/m)/fiss, were near 10"30 and 10-9, respectively,

or if replicate fission analyses were available and wtere in reasonable

agreement; r/hr averages were accepted if there was less than a factor

of 2 among the readings; and the stations for which recovery losses

-were estimated were excluded. Table 7 recapitulates the surviving

Svalues of Dq and rf, i.e., those that merited a "chtck rating" on
fp'

their appropriate inputs.
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Table 6

Station Terrain Characteristics

Type 1. Dry lake bed of Frenchman Flat. Flat and smooth
with no vegetation. Very dusty when wind was
blowing or vehicular traffic nearby. Stations at
*,same elevation as ground zero.

Type 2. Near dry lake bed on flat, sandy terrain. Low
growing sagebrush sparsely distributed around sta-
tions. Elevation ranged up to 77 feet above
ground zero.

Type 3. The ground surface was covered with small rocks
and a crust of soil. As long as the crust was
not disturbed there was no dust except from traf-

fic on roads. Vegetation heavier than Type 2,
and Joshua trees from 6 to 8 feet high present.
Elevation ranged from 30 to 230 feet above ground
zero.

Type 4. Rough and rocky. Heavy vegetation consisting of
sagebrush and cactus. Very little dust generated
by winds. Elevations ranged from 280 to 1,480
feet above ground zero.

The value of Dq for station 300 is seen to exceed unity. This is

unlikely physically, since D for most survey instruments is <1, and q

for "plane-like" real terrain is always <1. Of course, the station ter-

rain did not always resemble a plane, and in some instances was decided-

ly mountainous and rolling, but this was not the case for station 300.

Hence, in view of the apparent quality of the input data, this value

is not explainable at the present time.

The average variation of Dq with terrain type is as follows:
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Table 7

Boet Values of Terrain-Instrument Response Factor and Gross
Fractionation Number at I Hour After Burst
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No. of
S.2.D.D.. rStations

1 0.795 1
2 - 0
3 0.760 8
4 0.683 10

These results are in reasonable agreement with previous estimates

of the terrain factor, although in the present case it is difficult to

separate out D, since in many cases the standard intensity used was

based on readings made with several different instruments.*

The average value of Dq for the 100-800 series of stations, shown

in Table 7, is Dq - 0.721, so that

Ko =D kp rf - 0.721 x 3400 (r/hr)/(KT/mi 2 )rf - 2450 rfp (14)

The variation of r with the activity-median particle size of the
fp

fallout samples is shown in Figure 4. The curve may be compared with

that in Figure 2, which it follows approximately, although the data of

Figure 4 are inherently less precise, since the median alone does not

specify the distribution. It may be seen from the smooth curve drawn

through the points in Figure 4 that r varies from a minimum of 0.23
fp

at d - 300 microns to 0.56 at 20 microns. The minimum value of r
50 fp

corresponds roughly to the 0.19 to 0.30 range reported by Crocker for

extremely fractionated fallout samples.

The results for r fp demonstrate the extreme effect that fraction-

2tion can exert on the expected value of r/hr for a given number of

*The GITR calibration procedure incorporatad an appropriate point-source
to plane-source correction factor, so that the readings reported(8) were
for D a 1. D has been calculated(2) for the 39A (rIB) survey meter as
0.75. Values for the other insturments used in the Small Boy surveys
are not known.
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refractory fissions per square foot (or KT/mi'). Also, in order to

conserve activity produced in the explosion, it is necessary that rfp

(at 1 hour) continue to increase with decreasing particle size, as sug-

gested in Figures 2 and 4, to values >1. The data also indicate that

since rfp = 30% over the sampled region of the Small Boy fallout field,

at least 70% of the gamma ionization potential as of 1 hour was not

present in the fallout region sampled.

This missing activity must have been distributed among the rare

gases, on particles in the vicinity of ground zero, or on those fine

particles that comprised the intermediate and long-range fallont.
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INTRODUCTION TO IONG-TERM BIOLOGICAL EFFECTS OF NUCLEAR WAR

C. F. Miller and P. D. LaRiviere
Stanford Research Institute

Menlo Park, California

ABSTRACT

This report briefly summarizes the Stanford Research
Institute radiological model assessment system, discusses
model parameters related to radiation fields from fallout,
and presents results of model computations as applications
"to civil defense problems that may be generated as a result
of a nuclear war.

The general format of the currently available radio-
logical model assessment system is presented in terms of
its component submodels and the relations among these
models. The inputs and outputs of these models with re-
spect to interactions with civil defense functions and
postattack operations is emphasized.

Parameters relating fallout deposition levels and
radiation fields are presented. Several of the parameters,
such as the terrain factor and radiation field K factor,
are evaluated from measurements made on the fallout from
Shot Small Boy and other similar measurements.

Input data and results of model calculations on the
biological and ecological effects of a hypothetical nuclear
attack are outlined and presented to indicate major effects
and consequences in relation to resulting civil defense
problems.
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5

INTRODUCTION AND BACKGROUND

This paper is a brief summary of work presented in a larger report

with the same title; here, the nature of the study is outlined, and

the conclusions from the study are reproduced.

The study was concerned with the state-of-knowledge and concepts

about the reaction of biological systems to effects of nuclear weapons

under nuclear war conditions, about the likely extent of damage co agri-

cultural and wildlife ecosystems under nuclear war condition3, and about

the factors involved in the long-term recovery potential of these systems

after damage. In the study, an attempt was made to organize the avail-

able information for objective discussion of the subject, to outline the
state-of-the-art regarding capabilities to use the information (as well

as its availability), and to make estimates of effects using the avail-

able data and available (or now) computational methods6 In the ieport,

only the radiological effects are discussed.

The subjects taken into consideration include:

1, The source of radiological injury or damage to biological
species (i.e., local and worldwide fallout, its nature, its

radiological properties, and methods used to estimate the
distribution of fallout over the earth's surface and de-
gree of the hazard from nuclear radiations emanating from
fallout).

2. The external and internal contamination of exposed objects
by fallout (i.e., the behavior of fallout particles during
and after landing on urban configurations, on agricultural
land, on wild land, and on lakes and rivers as well as on
individual agriculturally important crop plants, on domes-
tic animals, and on humans).

3. The pattern of radiological damage and recovery of bio-
logical species after exposure to nuclear radiations
(i.e., the response of individual humans, animals, plants,
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Insects, and aquatic species to various exposure doaeR of
nuclear radiation; also, the response and recovery patterns

for simple ecosystems).

4. The development of operational recovery criteria for use in
plaming and carrying out civil deense operations under
fallout conditions and for use in evaluating the feasibility
of carrying out postattack recovery operations (i.e., the
limits imposed on operations in terms of the hazard and the
nature of the Injury and natural patterns of recovery).

5. The long-term ecological consequences (I.e., secondary
effects Including interaction among species--mainly with
respect to food chains and growth competition--, radionuclide
cycling In food chains, and conditions that could lead to
soil erosion).

Estimates of biological effects on agricultural production, food

contamination and internal dose3, and wildlife systems were made for two

different assumed nuclear attacks. One was a counterforce city-avoidance
type oA- attack with a total yield of about 6,000 megatons, and the other

was a mixed military-city attack with a total yield of about 12,000 mega-

tons. In each case, a counterattack of about 10,000 megatons was assumed.

All attacks consisted of a mix of air and surface detonations. The

computational system used in shown by the schematic diagram of Figure 1.
The rectangular boxes in the figure indicate mathematical models, and

the rounded boxis indicate either input or output parameters. The co-
ordinate system was based on the location of counties since the county

was the amallest unit of area for which agricultural input data is re-

ported. In all cases, the computational systems and input data refer

to the state-of-development and availability in 1963 (or before) when

the study was made. Most of the models were developed as part of the

continuing research program at Stanford Research Institute sponsored

by the Office of Civil Defense; the adaptation of the model system to

computer language, the computations for the two assumed attacks, and

interpretation of the computational results were sponsored by the

Director of Defense Research & Engineering.
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General

The analysis and evaluation of the effects of nuclear war on bio-

logical species and on their ecological systems depend upon the avail-

ability and organization of a great variety of data and information

ranging from input information on weapon explosion phenomena and the ini-

tial interaction of these phenomena with biological species, wherever

they may be, to information about the community behavior, the reproduc-

tive habits and cycles, and the recovery mechanisms of ecosystems.

The discussions in the text, with respect to the analyses and evalu-

ations and the uncertainties involved in them, are separated into five

subject areas for summary. These are (1) fallout deposition models,

(2) radiation damage criteria, (3) second-order effects, (4) counter-

measures, and (5) attack analysis findings.

Fallout Deposition Models

No fallout model exists that will reliably predict all the radio-

logical hazards at a given geographical location, not to mention the

combined exposure doses from beta and gamma radiation on plants, animals,

insects, and humans. For example, of the several fallout models consid-

ered, the total area within the 100 r/hr at 1 hr contour varies by

as much as a factor of 4. The simple fallout pattern scaling system

developed by Miller was used in this study because it was derived

directly from selective analyses of evaluated weapons test data and

because the output information from the model is applicable to evalua-

tions of both the external gamma hazard and the internal hazard from

radionuclide ingestion.
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Some of the major unresolved problems include (1) definition of

the fallout formation process (including fractionation and solubility),

(2) radiological and physical proper iej of fallout from detonations on

likely target environments, (3) meteorological prediction techniques,

(4) foliar and plant-part contamination variables, (5) effect of local

environments on deý.osition patterns and radiation fields, (6) beta radi-

ation levels in selected contamination environments, and (7) influence

of weather and environment on radiation fields, contamination of obje,ts,

and nuclide transfer processes.

One of the most important areas of future research for improving

the fallout distribution models Is continuation of studies which emphasize

the specification of the particle source geometry during the period of

fallout particle formation, ao previously discussed. Continued research

is needed on further development of predictive methods for weather data

inputs to the models. Also, additional studies are needed on the appro-

priate operational use of early monitoring data by civil defense command

and control centers and by damage assessment centers for evaluating the

radiological hazard and for initiating transattack and postattack counter-

measures. Because of the unreliability of prediction methods, it appears

that these types of civil defense operations must be planned and scheduled

on the basis of observed information.

Radiation Damage Criteria

The biological response, either to acute gamma radiation doses or

to chronic doses (or both), is known for a few species, mainly the impor-

tant higher vertebrate domestic animals. However, most of the information

is for specific types of radiation source energies and exposure geometries

that are not particularly representative of the conditions for exposure

to radiation from fallout. The biological responses of all species to the

pattern of exposure in nuclear war radiation environments such as a de-

caying source strength, intermittent exposures for different time periods,
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and the rate of exposure dose received are not known, quantitatively;

lack of information in this area is a major weakness in the current state-

of-knowledge of biological effects from radiation exposure.

The mechanisms of biological recovery from radiation damage also are

not known. But the principle of biological recovery from all types of

injury is a firmly established concept for individual species as well as

for ecosystems. The accepted description of the effects of acute gamma

radiation doses on man have been deduced from scattered information, al-

lowing for liberal use of technical judgement in lieu of factual infor-

mation from carefully designed experimental investigations. Nevertheless,

the recognition that a set of effects information must exist to establish

damage criteria can be used to organize and categorize such information

in terms of (1) the degree of injury from which recovery would be prauti-

cally certain, (2) the degree of injury from which recovery would be

practically impossible, and (3) the degree of injury from which recovery

is uncertain, depending on small differences in the degree of injury, the

state-of-health of the organism at the time, the amount of treatment

available, and other factors.

For most species and ecosystems, because of many uncertainties in

the application of the available data and incomplete coverage of the data,
it is not yet possible to establish boundary conditions for injury cate-

gories. For the cases where the degree of injury can be categorized,

damage assessment studies would require details about thb third injury

category given above. Information about the details of this injury

*category is least known for all species.

The use of damage criteria in civil defense system design can be

shown to be associated with the definition of the first inJury category

(e.g., the degree of injury from which recovery would be practically

certain). While this use is undoubtedly recognized and applied in the

current civil defense programs, it is also apparent that the application

more often has been in the form of misuse because the emphasis in the

application has been only on one component of the system (i.e., shelter).
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Some of the major unresolved problems include (1) radiobiological

response of important species of the biots (at various stages of the

reproductive cycle) to doses from gamma radiation characteristic in

energy, geometry, and exposure patterns of that from fallout, (2) radio-

logical response of selected species of animals, plants, and Inserts to

beta radiation from fallout, and (3) injury recovery mechanisms and

dependent variables,

Second-Order Effects

The second-order effects such as the movement of soluble radio-

nuclides within the biosphere, the rosponv of species to a combination

of nonlethal doses of radiation, or the erosion of land areas denuded by

high radiation doses and/or fire depend on many lnterrulaten (and inde-

pendent variables) and are poorly known. Onu main cause of existing

controversies regarding the importance of the second-order biological

effects stems from poor definition of the primary effects; another

appears to arise from differences in interpretation of the efficiency of

repair and recovery mechanisms of ecosystems,

Two major factors in the repair and recovery of biological communi-

ties appear to be important. The first is the time period over which the

injury ia sustained. The second is that the rate of the repair and re-

covery process, after injury, is usually slow, depending on the severity

of the injury.

Plant species tend to dominate all important terrestrial ecosystems,

and, since plants grow on nutrients in soils, the most sorfous type of

injury to these ecosystems is one that leads to removal of the soil itself

by erosion.

In the scale of injury that could result in a nuclear war, the cycling

of radionuclides Into the food chain of the higher animals appears to be

a minor hazard. In the long term, it could be a general public health

problem. Although the currently available plant and animal uptake data
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are incomplete and of rather poor quality, and occasionally are reported

in nonuseful units of measure, the conclusion that the scale of injury' from

internal contamination would be low is generally supported by these data.

The second-order effects from a fractionation of the degree of in-

jury within the species of an ecosystem have not yet been thoroughly

treated; the insect problem, secondary fires, invasion by weeds, and

similar problems are of this class of second-order effects. Much appli-

cable data is known to exist. The compilation, organization, and analysis
of these data are needed before these second-order effects can be assessed.

At this time, all the second-order effects from a nuclear attack

appear to be unresolved; some of the major ones are (1) damage leading

to erosion and floods, (2) role of insects in ecosystem recovery pro-

cesses, (3) ecological repair and recovery rates and dependent variables,

(4) energy and matter flow in food chains, and (5) combined injury (long-

term low-level) response of species.

Countermeasures

Man is a dominant factor in large segments of temporal ecosystems.

While it is possible to state or enumnerate the types of countermeasures

and control that man could employ to aid in the recovery of the nation

(including all types of contiguous ecosystems) after damage from a nuclear

attack, it is not yet possible to establish the cost of preparations re-

quired to accomplish n desired level of recovery, the real need of the

measures, or the capability of survivors to carry out any and all such

conl'eived countermeasures. A better understanding of the nature and

degree of the second-order eff0cts is required before proposed counter-

measures can be evaluated. At the present time, protective countermeasures

against thg immediate effects are more important.
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Attack Analysis Findin

The following specific conclusions were reached with respect to tile

model computations carried out on the HM and MC attacks during the course

of the study:

I The nationwide recovery of the production potential of agricul-
ture would be readily achieved, in spite of the radiological
effects of the attack, if the farmers have, and utilize, pro-
tective shelters with a shielding protection factor of at
least 10. The computed per capita production potential of
most crops for the crop in tihe ground at the time of attack
was approximately unity for both the case of existing mholtor
(PF 10) and good shelter (PF = 1,000 for farmers and 100 psi

blast shelters for urban population). However, for the good
shelter case under the HI attack, tho livestock availability is
reduced to one-half of the proattack par capita level. Tile

effect of other factors, such as the availability of power and
fuel on the recovery of agriculture, was not c,,nsidorod in
this part of the study.

2. TMe consumption of the foods and water contnminated by both
local andi worldwide fallout, without any special decontaminni.ion
methods, would not. produce absorbed (doses to adult humans that
would result in significant early or ltite biological effects.
The same conclusion is applicable for infants tPat ingost foods
contaminated to levels equivalent to those computed for the
national median level. For foods contaminated to levels equiva-
lent to those computed for the national 90 percentile level,
some long-torm effects to infants, from continuous ingestion,
would be expected. The Importunt sources of those oi'fcts are
tile assimilation of 1-131 in the thyroid from early ingestion
of water and milk and the c:oncentration of Sr-8P and Sr-90 in
tlve bone.

3. All crops contaminated to lovels less than the 90 percentile
l~evol (national suiiinary) of tile harvestable crops would be

edible, for both the existing shelter case and the good
shelter case and for both attacks. The highest calculated
absorbed dose to body organs from ingestion oi contamninated
food and water resulted from tile deposition of small fallout
particles on the abovoground plant parts and in exposed water
sources. The absorbed doses from consumption of foods, in which
the contamination of thle edible parts of plants from uptake
through the roots from both local and worldwide fallout de-
posited up to plantitig time and from foliar contamination by
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worldwide fallout during the month of harvest, in the
first postattack crop were lUss than those from consumption
of the contamination on the crops in the ground at the time
of attack.

4. No docontamination of agricultural land would be needed, and
no quarantine of agricultural land is required bocau.se of
contamination by Sr-90 and Cs-137. Green leafy crops (Onl
others) grown on land which contributes to tul fooCIs contVniHI=-
ted to levels in excess of the 90 percentile contaminatioin level

could be fod to animals.

5. About 10 percent of the forest land (coniferous and dUcidUous)
area would receive sufficiently high radiation doses so that
recovery to preattack conditions within about 2 years is
questionable. In a smaller fraction of the forest land
area, all vegetation would be killed. About the same frne-
tional areas wore involved in both assumed attacks,

6. In the HDM attack, the crops in 11 percent of the planted crop
land (all typos) were destreoyod (i.e., about 2 percenlt of tile
area of theu country); in thl MC at ici, the crops ill about
3 percent of tih planted crop land (all types) were dust royed.
These ost matus are probably soileowliat low because the Computa-
tions were prestumably based on thu response of mature plants,
cdose-ofiucts data as a function of plant age being nonexistent,
and because beta dose responses were not considered (no model
and no response data being available).

7. A large fraction of the population has well-water sources
available to them; these sources are not expected to be
contaminated during an attack. (However, the availability
of the water would depend on the availability of power for
pumping.) The consumption of contaminated watcr from ex-
posed sources in the early postattack poriod, neglecting

nAtural and normal water treatment decontamination processes-
would not be expected to |)produce seriolus somatic effects at
the 90 percentile (nationwide) water sIource contamination
level,

Within the reliability of the ourrent information on the biological

response of biological species to radiat:ion oxposuros, the above results

of the study load to the conclusion that long-term biological and ecologi-

cal effects would not be so severe as to inhibit or seriously delay the

national recovery after a nuclear attack similar to one of those assumed

in the study. Rather, the major problems of population and biological
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resource survival are concluded as beimn associated with the short-term

biological effects that would result from the oxposure of all biological.

species to gamea radiation from fallout. The alleviation of these effects

thus centers en the availability of shelter for the protection of the

population and a local capability for organized efforts to recover food

and water and other such resources that would be required to maintain the

health of the survivors as a coherent work force in the early postattack

period. This is the time period after attack when the need for knowledgod

leadership would be critical and when errors in recuperative actions

would be the most likely to lead to secondary fatalities.

The effects of the radiation from fallout in some areas of the

country could result in fatal doses to all higher forms of life in exposed

conditions. A few percent of the total land area of the country would

likely be denuded of vegetation for a short period of time. However, the

location and extent of these areas, with respect to other aspects of

resource damage and economic recovery problems, are such that the eco-

logical consequences of the biological damage in those areas could have

little or no influence on national recovery. Essentially all of the oco-

nomically important agricultural land is recoverable within the first year

after attack, even for the case of using existing shelters,

448



REF ERENC ES

1. Miller, Carl F., and Philip D. LaRivioro, Introductiom to long-Torml
Biological Effects of Nuclrar War, Stan•o•d Itsearch Institute,
Project No. MU-5779, April 1966.

2. Miller, Carl F. , Fallout and Radiological Cuuntormoauuros , Volumes
I and II, Stanford Rosoarch Institute, Project No,. IMU-4021,
January 1963.

449



.1. 4 Uft ij;~ 4FA

__i

v M' 10: ji 1i

i~ if 11 9 I.
A 1 " . 1 1

Iii44

450.



I!

SUMMARIES AND RECOMMENDATIONS

OF THE WORKING GROUPS

451



I

SESSION ONE - PARTICLE FORMATION

INTRODUCTION

The purpose of this report is to offer some comments on the state of

the art with respect to the problem of particle formation as it pertains

to land surface detonations of nuclear weapons in general and to the DOD

Fallout Model in particular. The report is divided into three main sec-

tions: a statement of objectives; a non-comprehensive review of the main

features of what is known and what is being studied; and a listing of

some gaps in the state of knowledge and in our current research efforts.

The approach outlined above was accepted by the working group as a

whole, and on this basis sections of the report %ere prepared by sub-

groups of 2 to 4 members. There was insufficient time for the subgroups

to cross-review their contributions so that it cannot be assumed that

cach working group member necessarily agrees with all that is presented

in this report. Furthermore, in the interest of conciseness, it has

been necessary in many instances to paraphrase and condense. It is

hoped that this has not done too great a violence to the ideas of the

originators.

OBJECTIVES

An acceptable model of the particle formation process must satisfy

two requirements.

(1) It must furnish, for a particular nuclear detonation, a detailed
description of the distribution of particles as a function of
size and mass or sedimentation rate. If tne early distribution
varies in an important way with locEtion within the nuclear
cloud, the nature and extent of the variation should be speci-
fied. Such informntiozn As essentLnl as in.nut to an effective
transport calculation.
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(2) It must furnish information regarding the particle size distri-
bution of individual radionuclides and define the chemical and
physical properties of the particle population in sufficient
detail that the nature and extent of both external and internal
radiation hczard can be determined for any specified time after
detonation.

On this basis it is believed that the objective of the study of

Particle Formation may be stated as follows: Given the yield, mass, and

composition of a nuclear device and a description of the environment in

which it is detonated, the Particle Formation model must predict, as a

function of particle size, cloud dynamics, and early time, the chemical

composition, isotopic composition and physical characteristics of the

resultin' radioactive particulates,

A SHORT REVIEW OF WHAT WE KNOW

Informntion relevant to the overall problem of Particle Formation

may be sought by one of two main approaches -- Analysis of particles pro-

duced by nuclear detonations, or fundkmental studies of the mechanism of

synthesis of particles under conditions simulating those which prevail in

a nuclear detonation. These approaches are essentially independent. How-

ever, results produced by the second must be consistent with the analyt-

ical data provided by the first. Some progress reports on examples of

these two lines of investigation are discussed in the following paragraphs.

PARTICLE ANALYSIS. The underlying concept of the Particle Analysis ap-

proach is quite straightforward. Particle samples separated according

to size or sedimentation rate are subjected to chemical, isotopic and

physical analyses; the results of such analyses are expressed mathemat-

ically as distribution functions; and the variation of the parameters of

the particle distribution functions with detoniation conditions is studied

with a view to arriving at a method of quantitative prediction. Under

the general category of effort there are three principal :ines of experi-

mental endeavor -- analysis of particle samples separated by atmospheric

processes; analysis of particle samples collected at early times and
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-;_p_-rat l in 0hu ianoratory according tu suze or sedimentation rate ior

density; and analysis of individual particles.

(1) Analyses of Particle Samples Separated by Atmospheric Processes.

The internal isotopic ratios measured on particle samples collected on the

ground and in the air at various times after detonation car be used to

arrive at fractionation behavior relationships. Data of this type from

alrburst detonations were used by Freiltng to arrive at his Radial Dim-
tribution Model. In 1. J. Russell's paper, an application of this method

to Johnnie Boy and Castle Bravo data was used to hypothesize the existence

of a substantial population of very small particles. An extension of the

approach to include induced activity data was presui.ted by W. J. Auth.

The consensus of contributors is that there exists a larr- body of ex-

perimental information which has not yet been subjected to the necessary

detailed Jsotopic balance studies required for understanding the particle

formtiton proce.ss. Data suitable for such analysis exists at the weapons

laboratories and in the AFTAC laboratories. Other data exist at AERE and

in foreign publications. In addition to the basic application oi these

data to the problum of particle formation, they should also be used to

provide critical tests of the realism of fallout models, including the

IOD model.

(2) Analysis of Particle Samples Separated in the Laboratory. One

shortcoming of the particle samples that are separated by atmospheric

processes is that the particles analyzed are grouped in an unsystematic

fashion and in fact for any particular event, entire groups may not have

been analyzed. The systematic separation of close-in aerial and fallout

samples has been carried out in an attempt to provide particle sample

sets which are evenly distributed and which represent the complete particle

population. In addition to isotopic data, the analyti.cal program provides

particle mass data and information about the chemical composition and

physical character of the various groups. R.E. Heft's paper describes the

application of the method to two cratering events at Nevada. His findings

454



indicated a strong correlation between isotopic composition and chemical

and physical nature of particlIs. Refractory isotopes were volume dis-

tributed in "glairs" particles; volatilus w(.re on the surface of crystal.-

line particles. M. W. Nathan's paper gave :-ome p'oliminary results from

the application of the method to Johnnie Boy and appears to confirm and

extend Russell's iindings.

(3) Analysis it Individunl Particles. A substantial backlog of

data on the relationship between activity and size for individual par-

ticlks has been built up over the years by various laboratories - NRDL

and Traceraib have been major contributors. In recent years this work

has been extended to include measurements of individual radionuclides and

the results of some of this work were summarized in Nathan's paper. Some

interesting insights into the mechanism of particle formation are being

provided by electron beam microprobe analyses of individual particles.

J. H. Norman's paper provided some exceptional microprobe "photographs"

of individual particles which showed examples oi inclusions. He also

reported the observation of radial concentration gradients in silicate

particles which suggests the possibility of a process of diffusion-

controlled absoprtion of fission products by these particles.

PARTICLE SYNTHESIS. In this category of investigation, we include all

laboratory studies relating to the interaction of materials at high

temperature which are aimed at improving our understanding of the con-

densation, absorption or agglomeration processes which contribute to the

process of particle formation. An outline of the interaction of the

various processes as conceived by the NRDL group is presented in the

accompanying figure.

Laboratory studies pertinent to model description and determination

include both thermodynamic and kinetic measurements. Of thermodynamic

importance are solubility versus gas phase composition, gas phase com-

position, and energies involved in the transfer of materials between

species or phases. Of possible kinetic importance are diffusivities in
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the gas phase, diffusivitios in the condensed phase, condensation coef-

S~ficients, accretion and turbulence. In the thermodynamic representation,

the important nuclear cloud parameters are condensed phase composition,

gas phase composition including species, and temperature (possibly even

electron temperature). For kinetic processes the important nuclear cloud

specifications are cooling rate, particle size, and nucleation rate.

The synthesis work at General Atomic reported by Norman is concerned

with measurements of Henry's Law constants for several fission products

in silicates in the CaO-A12O-SiO2 system. In these studies a consider-

able degree of nonidenliLy has been observed. Ideal solution thermo-

dynamics may be inadequate in describing solubility. For the particle

sizes measured condensed state diffusion is the most reasonable candidate

for the rate-controlling process for all but the calcium ferrite samples.

Studies at NRDL on molybdenum oxide, reported by E. Freiling, wore

aimed at determining whether gas phase diffusion, condensation, or

condcnsed state diffusion are rate controlling in fission product absor-

ption by the liquid state of calcium ferrite, CaO-A1 20 3 -SiO 2 , clay, and

sodium oxide-silica. For the particle sizes measured, condensed state

diffusion is rate-deteemining for ali but the calcium ferrite samples.

In the latter case, condensed state diffusivities were quite large and

gas Fhase diffusion was found to be rate governing.

Work at Lawrence Radiation Laboratory reported by G. T. Rynders was

concerned with a study of physico-chemical processes taking place at

high temperatures produced in an RF-induction plasma-torch. By passing

particulate material through the torch and collecting the products, it

is intended to investigate the interaction of liquid particles (as melted)

with a gaseous environment, as well as the vaporization effects which

also occur. The particulate material is subjected to short residence

times t.t high temperature as well as short quench times which are of the

order of tens of milliseconds. The particles do not reach plasma temp-

eratures but are subjected to heating and cooling processes similar to
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Iit ,iv wh ich orwc uur In u nucle ar firuball. 1 'u, uru work will bu concurnled

with tho effects on condensation processes of environmental atmospheres,

plasma tomperutures, rusidence and quunnh ui,,miu, k.11d fred particlz

concentrations. For those particles that have boon melted, the particle

sizu distribution, fractionation effects, and particle morphology will

be characterized. Some work will also be done on agglomeration effects

which are observed to occur during condensation of vaporized material.

SOME GAPS IN THE STATE OF KNOWIEDGE

In connection with the overall problem of Particle Formation, there

were a number of areas where essential input information was either

lacking or very poorly substantiated and where there is no known effort

to obtain improved data. In this section we have listed some of these

areas.

(1) Effect o£ size distribution of particles in the pre-shot environ-
ment compared with final particle distributions. Condensed
phase material introduced into the nuclear cloud has an
important effect on the ultimate particle distribution. A
need exists to better define the nature of this effect.

(2) Phase distribution of environmental material introduced into
the nuclear cloud (vapor, liquid, solid). The DOD-Fallout
Model appears to be tied to the assumption that 20% of the
cloud mass is vaporized soil but this number is not well
substantiated. There may be a possibility of considerably
improving the quality of this input base,' on detailed radiation-
hydrodynamic calculations such as are carried out by the
weapons laboratories. Such calculations could also better itlce
into account the phenomenology which affects particle size
distribution.

(3) Post-condensation agglomeration. Both aerial and fallout
nucleer debris samples are probably subjected to artificial
agglomeraLion by the presently used collection devices. There
is need for measurements of particle size distributions as they
exist in the cloud which are not subject to the limitations of
sampling media. A completely representative sampling system
should account for radioactive gases as well as radioactive
products in particles.
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(I) bight of burst of f ects on part icle formation. Bursts on the
ground or fifty feet above it woelld bh e'1nqqifrl•,I n4 "Inne!
surface bursts" but the particle formation history mighl heu
substantially dlifferentt. In this same ccolnection, tho 'i'recIl

on the distribution of particulate radioactivity by n baso
surgo may bo important. Noither variable is explicitly in-

eluded in the DOD fallout model.

(5) There is a shortage of useful information on tho. space and
time variation of the particle population within the clold.

Such information might be produced from possible futuro deto-
nations if ad)(lequlatU sompling programs existed. There is no
known work in the area of planning or implementing such a
sampling program.
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SESSION TWO - CLOUD DEVEWLOPdME, PARTICLE CIIRULATION

The working group considered the cloud rise problem from three dif-

ferent points of viow; the information needed by the fallout model, the

types of approaches available to provide this information, and suggested

programs for advancing the state of the art.

The first essential is a measure of tie cloud height. No matter

what type of model is used, a measure of how high the particles are

carried is of prime importance to the subsequent calculations. In order

to, consider the formation and dispersal of particles within the rising

cloud it is necessary to know the time-temperature history and the velocity

distribution within the rising cloud.

The degree of detail which is required of the temperature and velocity

distributions within the cloud is dependent on the degree of sophisti-

cation of particli formation and coagulation models. At present an average

temperature as a function of time and a gross paxtition of the internal

kinetic energy between toroidal circulation and turbulent motions appears

to be sufficient. Eventually we hope to gain greater understanding of the

hydrodynamic history of the cloud rise.

To meet those needs we have avuila.ble three levels of sophistication

of cloud models. First is a strictly empirical analysis of the observed

data, next is a one-dimensional parcel rise theory, and finally the fairly r
sophisticated two-dimensional hydrodynamic numerical methods.

The empirical methods range from a simple power law scaling with yield

which ignores the possible variations produced by the atmosphere, to the

fitting of more complicated equations which consider the gross lapse rate

od/or the height of the tropopause.
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The parcel rise methods have a long history starting with G. I.

Taylor's analysis which was refined by Machta, Kellogg and many others.

Most of these techniques suffered from the difficulties experienced by

Norment, in that the predictions were quite unstable to small changes

in the assumptions about entrainment, drag and the atmospheric conditions,

Many of the difficulties with the parcel method have been overcome by the

Huebsch who introduced a mechanism to account for the conservation of

energy. A successful parcel method can, in addition to the height of

stabilization, provide a curve of the mean parcel temperature as a

function of time and can give a measure of the amounts of turbulent and

thermal energy within the parcel. It should be noted, however, that no

parcel method has ever been systematically tested against observed data.

Finally, there are the two-dimensional hydrodynamic methods which

require rather powerful computing facilities for their use. There are

quite a few simplified versions of these methods in the meteorological

literature, but the simplifications involve the Boussinesq approximations

and the assumptions of very small temperature differences, neither of

which is applicable to nuclear clouds. The complete programs are rather

horrendous in their complexity. Even with such apparently powerful tools,

we must point out that the few calculations which have been made have

not been tested against the observational data.

We suggest that work be pressed on all three approaches to cloud rise

prediction. A continued search for improved empirical formulas for the

height of stabilization, such as that presented by O.S-K. Yu, is essential

to provide a standard against which all proposed improvements can be

tested statistically.

A program for testing the accuracy of the parcel methods against

the stabilization height is necessary to prove the validity of the postu-

lated mechanisms. We suggest that a form of the energy conserving parcel

method be tested against as many low air bursts as possible to determine

how well it approximates the observations. We suggest low air bursts
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in order to minimize the effects of soil loading on the one hand, and

excessive atmospheric pressure gradients on the other. If we can produce

evidence that thor methods are useful in the mc-st simple case, it will

be easier to asset; the effects of complex fire ball loading.

Tho search for analytic approximations to the problem of cloud

rise should be pressed. We do not believe that these approximations will

be useful in a model, but the insight they provide may show how the 2-

dimensional aspects of the problem can be better parameterized into the

parcel techniques. Such an approach is appealing because of the inordinate

amount of time required for the rigorous 2-dimensional treatment.

Finally we suggest that a full scale 2-dimensional hydrodynamic

problem be run with initial and boundary conditions which can be matched

with a well documented, well behaved, low yield air burst. Again we sug-

gest this work not as a possible program for a fallout model, but as a

method for learning how the details of the flow can be parameterized intoi

a simpler computing scheme.

We urge caution and deliberation in the adoption of any cloud rise

model. The adoption of a physically appealing but untested approach could

prevent us from finding obscure but important factors in the development

of the cloud.
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SESSION THREE - TRANSPORT AND DEPOSITION

Local Fallout

1, Computor capabilities exist that can simulate complex systems of

particle transport.

2. Atmospheric parameters, including measurements of temperature,

humidity and wind conditions, are generally available at locations

spaced about 200 to 250 miles apart for time intervals of 6 to 12

hours in the U.S.A. For certain locations, such as the Nevada Test

Site, capabilities exist, when necessary, for obtaining these atmos-

pheric parameters at locations spaced tens of miles apart and at

time intervals on the order of tens of minutes. However, persistence

of the shot time ground zero winds, for the consideration of local

fallout, is cojmmonly considered the best particle transport mechanism

in view of present wind forecasting capabilities.

3. The transport and deposition of "dry fallout," rather than scav-

enging of particles by precipitation, is considered most significant.

4. The theory for predicting the settling speed of individual particles

given their size, shape and density is reasonably well agreed upon,

but differences of opinion exist as to the physical particle charac-

teristics to use in the theory.

5. The turbulent spread of free falling particles is not considered as

important as wind shear effects in widening a fallout field.

6. We can handle transport in certain simplified wind circulations but

not in air movements for the more real, complex circulation patterns.
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Intermediate and World-wide Fallout

1. We understand qualitatively but not quantLtatively the transport,

dispersion and deposition of intermediate fallout.

2. Empirical forecasting of fallout from stratospheric injectione is con-

sidered qu~te reliable for the generalized time and space forecasts

normally required.

4

CURRENT LIMITATIONS

Local Fallout

1. We must find ways of running machine computed transport and deposition

models faster and cheaper.

2. We need more reliable observations and forecasts of the three-dimen-

sional field of motion (horizontal and vertical winds).

3. We need more information and better methods for adequately observing

and forecasting the scavenging fields in the atmosphere (including

scavenging efficiencies).

4. We suspect settling by processes other than by conventional formulas

applied to isolated particles. The importance of either bulk subsi-

dence of a cloud of particles or by agglomeration during free fall is

still unkown.

5. We must know more about particle characteristics and their atmospheric

interactions to be able to more accurately predict their deposition

positions. This includes the possibility of water condensation and

evaporation during descent.

6. We know little of the interaction of a nuclear cloud on the adjacent

atmosphere insofar as the latter influences particle transport.

7. The influence of small scale (10-100 ft) objects on very localized

fallout is known qualitatively - it should be known quantitatively.
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8. The quantitative aspects of particle redistribution by winds and wash-

o~f ituat be further studied and better understood.

9. We emphasize the crucial nature of the activity vs. altitude in applying

transport factors to obtain fallout patterns.

Intermediate Fallout

1, We are limited to the more qualitative aspects of predicting inter-

mediate fallout.

SUGGESTIONS

Local Fallout

1. Moral and financial help should be given to military and civilian

groups to improve the observation and forecasting of air motions and

precipitation scavenging regions.

2. Simulation (non-nuclear) experiments may be performed to better under-

stand and verify the transport of falling particles.

3. Similarly, on a smaller scale, non-nuclear simulation can reveal

patterns of fallout over and around small scale objects such as

trees and buildings.

4. Settling speeds using actual collected particles from past events

could be investigated in the laboratory.

5. It may be possible to simulate agglomeration and bulk settling of

clouds of particles.

6. In general, it may be quite useful to undertake basic studies cn the

behaviour of existing (non-nuclear) atmospheric particulates appli-

cable to fallout problems.
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Intormediate Fallout

1. Investigatiovu and studies rolatod to existing data on past inter-

mediate fallouL may permit improved predictions of this fallout.
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SESSION FOUR - RADIATION FIELDS

INTRODUCTORY COMMENTS

The problems of the fourth session of this symposium are perhaps

better described as problems of residual radiation fields, rather than

fallout radiation field problems. They include effects due to neutron-

induced activity near ground zero.

The material of the session is conveniently divided into four major

types of information:

(1) the spectra of radiation fields;

(2) the radiation field data for idealized configurations;

(3) effects due to the particular configuration of materials at the
surface of the earth;

(4) a set of related topics which do not fit very well into these
other three.

Let us also identify the main applications for the radiation field data.

These are,

(1) for interpretation of field experiments;

(2) applications to shielding design and analysis problems;

(3) applications to problems of military tactics, as affected by
nuclear weapons;

(4) the prediction of residual effects which result from nuclear
explosions.

The following comments reflect many, but not all points of view

expressed by participants in discussions held at the symposium, together

with some afterthoughts; they are not the product of a systematic study.
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SPECTRA

Probably it is in shielding that most use is made of this type of

information at present; and the first category of information, that of

spectra, is particularly imn--t,.Yt for shielding applications. Perhaps

the single main requirement for the shielding applications is a sort of

"coverall" 7tcctrum. Most protection factor calculations are based on a

spectrum due to Nelms and Cooper, which utilized the data on activities

originally produced by Ballou and the data on spectral products tabulated

by Carl Miller. This 1.12 hour spectrum is not particularly accurate; it

was calculated very early to fill a serious informational gap and has

served that purpose very well. There have since been advances in our

ability to produce reliable fallout spectra; and this is ar .- cellent

time to replace the old one with something more accurate. There is no

reason to preserve the odd time period of 1.12 hours. We should calcu-

late a one hour spectrum, with fractionation appropriate to close-in

fallout.

Because we know much more now about fractionation than formerly, as

evidenced by Mr. LaRiviere's talk, the coverall spectrum should be
complemented by perhaps as many as four additional types of specLra, all

calculated as a function of time. These source spectra, identified as

S 1 , S 2 , S3, S 4 , might be the following:

(1) S1 (E,t) a close-in fallout spectrum; S 1 (E,1 hr) would be the
coverall spectrum we mentioned previously.

(2) S 2 (E,t) might be a spectrum for which fractionation is appro-
priate to fallout at substantial distances away from the burst.

(3) S 3 (E,t) might be appropriate to the world wide fallout.

(4) S 4 (E,t) would describe those induced activity components which
appear in the fallout itself.

In connection with S3 and S 4 particularly, and possibly for all

spectra, it would be valuable to accompany the actual spectra with tables

of data for specific nuclides as a function of time. In the induced
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spectrum, for example, there are a few particularly important components;

and tables of the activities and spectra for these nuclei would be espe-

cially useful for mony purposes. On the other hand, the four spectra

would serve as standard cases against which experiments and other calcu-

lations could be compared. To these gamma ray spectra we might add one

more--a coverall spectrum for the beta rays. It would be advantageous

to add to this a tabulation of beta ray data for the most important

nuclides as a function of time. From this data other spectra could be

constructed if and when desired; and for fallout at great distances,

combined spectra are apt to be less important than spectra for specific

nuclides.

It is our understanding that data for the chain yields are in much

better state than for spectral yields, and that the decay schemes will be

subject to revisions in the future, probably at a fairly low level of

effort.

Fortunately, the group at NRDL with which Mr. Crocker has been work-

ing is now able to generate these spectra. We feel that the work of this

group is especially important at this time, and that they should not stop

short, nor should support for this work stop short, of a full coverage

of these types of spectral information.

DISTRIBUTIONS FOR AN IDEAL PLANE

In regard to the second category of information, there are a number

of types of data which clearly need to be obtained for all types of

application. The simplest data are the source-to-field conversion factors,

which give the exposure 3 feet (or 1 meter) above an ideal interface, for

the spectra previously mentioned. The air-air interface, which is funda-

mentally simpler than the earth-air interface, lends itself better to

these standard cases because it permits precision calculations. On the

other hand, someone should once-for-all determine the difference in this

conversion factor between the air-air case and the air-earth case; it
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may be well below exper~miiunt nJ 1hV'r%'atIlCo ti sall 111tlou tha I lihablo

errors In the miajorityv of comnputatitonfs.

In addi tion to tile convers ion fact orm t here trc it ti umohu of' imrportint

\ \types of distribution~s. Purhaps most Useful Wouldl ho the spatial1 distxi-1
i t but iOn of' 111 h XPOSure aIS OnV MOVeS alway from tilie plane In terface , as

c0cuIlatd TM f tilte COVerI-1 4p3ectrum. We might call this l(z). Also

needed are I the anguilar d is t ribu I. tonl, D(Y., cos 0), of thli exposure, ond (ho

spovetral dis tribu tion, N(zE. of the flux, both calculated for tile

Coverall 1 5J)c ruM' Trhe tingula oi I '.Iha Iions, andii also to somei extenat

t he ac tual Spaice dli stribut ion of til htIot al exposure, Live ComparatIively

Illsolns itivo to thle s poe Iruni., Lenct it may tnot he noecossary to dto such

cii 01Li1. Olsfor Lill Of [lethu fu~ l spectIra. Beocause' there is so) much

UXpL'I'iI11lItltal Workl clone With 1110h COG' and Cs137 the three, ty;pes of dato

just men tioned shoul Id a so he oh I ai nod for' t hese isot opes, Lis Shouildi I ho

sollre'u-o-1:10-L c d ConvriV'1 ont factori. All of these cal culatIions s hould ho

of hi gh preisLC ion1.

Ano ther t' typo of (diata Lor which t hero has bcen a demand is tho enorgy

flux ais a fiunction of anlglo, Say3 tht'-eo feet above tile pianc intorfaceo

as enleculaitcd for a number' of monoonorgo tic giiccma ray conipono n t s Dat a

i-il this type has5 been pubisl ishd by Mi'. French. It is usefuil for dolor-

minlationl of exposure (list rihut Ions, for oxamiple in thle hum11an body.

In connect ion with thle botit ray coverall spectrum already M~entiociec,

it is clearly desivablo, to have at distribution for the beta ray exposure-,

calculated a-, a fillet ion of chi.stvnco away front the plane interfaice. There

are and will be appl icat ions of this data, probably more inI tho future

thanil In the past. Dr'. Drown 's calculations are a useful reminder that

beta rays are part (if the radiation fiteld and Can ho important tinder

certain CircL1I1tnsCfleS.

For the idealized configurations, properly cdone calculationis maiy be

anl order of' magnitude more accurate than experiment~s which might be do-

signed specifically to check the calculations. Therefore, this type of
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experiment should be closely scrutinized in regards tothu inftailatlion

which it will produce, while it is a! the, stage: of a proposal. A well--

conceived, highly accurate experitmont may have value for cmnfirmontton

puIrposeS, If errors nro closely st u(i ud and It liders t•of I.

CONFIGURATION EFFECTS

The third category of information relative to th, radiation fl'tldI

is that of configuration effects. We subdividle this general topic Into

three subtopics,

(1) ground roughness,

(2) the special problem of shrubbery,

(3) terrain problems./

In all cases thC irregullarities affect mainly the strength of tei diruect

component.

There exists a stubstantial amount of data for groundl rotughniis; andI

the talk by Mr. Soule is an additional contribution. Mr. French's tall<

demonstrates again that we understand rather well what the physics of

the roughness phenomena are. But the qulestion of what hD,)pons to the

fallout subsequent to arrival is not well linown; and this means that we

are only able to guess at the time variations of such offects. Perhaps

the greatest need at present is for categorizing of types of ground

surface, so as to be able to specify an appropriate roughless paraminor.

(There are at present a vuriety of opinions as to how this may he d(on,,

and also as to the potential accuracy of such a procedure in any givn

application. )

In regard to the shrubbery problem, the data obtained in Costa Rlca

should, when published, provide information Elhout fractional1 reenli toll

in various types of plants. In order to make this data tisabl:, it will

be necessary to make additional studies of the change in ffoectliveness

due to source elevation. Clearly the effect can be an Imaporlilt one for

below-grade shelter. There is anl opportunity to do a cort dili rlmounll of
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modeling in both theoretical and experimental studies, using elevated

plane and point sources to simulate radiation sources ilcated in shrubs

and trees. The attempt should be made to incorporate this type of infor-

mation both into survey calculations and into PF calculations for specific

structu.,eu.

The terrain catekory of configuration effects subdivides well into

a set of problems for buildings in cities, and the way they shield one

another, and a set of problems involving contour e~fects which occur,

say, in the countryside. In general, *he terrain effects can be esti-

mated using only the unscattered radiation. Although more work has been

(tone on the problem of mutual shielding by buildings in cities, it may

be that if studies of contour effects in country localities were done

first, the problems of mutual shielding in cities would be simplified.

Perhaps what is currently needed is a combination of "terrain factor"

with a logical categorization of different terrain types which gives

appropriate weight to the distance from the detector to the visible

elements of the source.

OTHER PROBLEMS

We will mention here some if the remaining problems without much

discussion.

First is the problem of the redistribution of fallout after it has

come down. Although there has been some study of this, there needs to

be a groat deal more, with considerable emphasis on what happens in

cities with wind and rain washing. There is information, but more work

needs to be done.

In connection with the beta ray problems, which have applications

in ecological studies, there are problems of calculating beta ray ex-

posures of small creatures, such as insects.
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Another type of problem, that presented in our session by Dr.

Ferguson, is that of neutron induced activity near ground zero. Perhaps

what is most needed now is a study of induced activity in which both new

and old devices are examined in some detail.

Finally, there are the long term problems, such as that of fallout

orn a worldwide scale, and the biologJcal and ecological problems associ-

ated with external exposure as well as ingestion. If defense is broadly

construed, these are defense problems; and there is a need for much more

study of the complex and difficult consequences of massive and large-

scale distribution of fallout. We hope that these longer range problems

will not be by-passed.

CURRENT SITUATION

In conclusion we might generalize as follows:

(1) it is time that the accumulating information on fractionation
were incorporated in a new series of source spectra, to replace
those that have been used for the past 8 years or so;

(2) using this source data, precision calculations of radiation
fields in idealized configurations should be carried out to
replace older calculations of uncertain accuracy;

(3) the phase in which preliminary explorations of configuration
effects are carried out should be replaced by attempts at
systematization, accompanied by appropriate spot-check
experiments;

(4) longer term effects should be included in the overall field of
study in some manner.
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